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Abstract 
Nowadays, the current challenging issue in production is to deliver products in a more 
efficient manner by controlling, monitoring and centralising all intra-logistical 
processes. With the growing focus on sustainability, complexity grows even further as 
productions managers have to manage energy and material consumption, carbon 
footprint, and waste output in addition to Key Performance Indicators like process 
efficiency, asset utilization, quality, scrap rate and costs. Efforts to find the optimum for 
yield, quality, and speed or energy consumption individually often result in local 
optima, far from the ideal solution. Optimization must start at global bottlenecks within 
the plant or supply network, which can only be identified if overall process transparency 
is given. 
 
This project is included in a much larger project called PLANTCockpit (Production 
Logistics and Sustainability Cockpit) which is a FP7 FoF ICT Collaborative Project. 
Here the aim of this project is to ensure the optimized use of available resource 
(personal, equipment, material and energy) for a scheduled product plan with 
continuous asset monitoring in discrete manufacturing industry. This issue is closed to 
real-world manufacturing problems and demands awareness from production managers 
on the holistic aspect of engineering assets availability. It includes the reliable detection 
and anticipation of performance deviations via monitoring the production and product 
related process, diagnostic of possible causes and predicting the time of occurrence. In 
such a context, PLANTCockpit project has been specially proposed to provide a 
decision support mechanism for an integrated maintenance and production management 
and consequently for asset optimization. 
 
In this project, a study of the existing methodologies for asset management and 
optimization will be performed. The outcome of this study will provide a novel 
approach for asset management and optimization. Furthermore, predictive maintenance 
and MIMOSA (Machinery Information Management Open System Alliance) standard 
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will be one of the current issued to be tackled in order to prove improvement in the 
optimization for asset utilization.  
Keywords: Asset management, Asset optimization, Predictive Maintenance, Product 
Lifecycle Management (PLM), MIMOSA.   
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Résumé 
Actuellement, en phase de production on cherche constamment à livrer les produits le 
plus efficacement possible en contrôlant et centralisant tous les processus intra-
logistiques. L’importance capitale que l’on donne à la durabilité et à la complexité fait 
que les responsables de production doivent réaliser une gestion de l’énergie et de la 
consommation de matériels/machines, de l’empreinte de carbone et des déchets, ainsi 
que des « Key Performance Indicators » tels que l’efficacité des processus, l’utilisation 
des actifs, de la qualité, des débris et les coûts associés. Tous les efforts concentrés à 
trouver le rendement optimal, la qualité, la vélocité ou la consommation d’énergie 
individuellement, souvent donnent lieu à un optimum local, qui ne correspond pas à la 
solution idéale. Il faut que l’optimisation se concentre initialement aux goulots 
d’étranglement en usine de production ou lors de la chaîne d’approvisionnement, 
lesquels peuvent seulement être identifiés si le processus global devient transparent.            
 
Ce projet est inclut dans un projet plus vaste appelé PLANTCockpit (Production 
Logistics and Sustainability Cockpit), qui est un FP7 FoF ICT Collaborative Project. 
L’objectif principal de ce projet est d’assurer l’utilisation optimale des ressources 
disponibles (personnel, équipement, matériel et énergie) pour un produit programmé 
incluant une surveillance continue des actifs de production dans le secteur de l’industrie 
manufacturière et discrète. Cette question exige l’attention des responsables de la 
gestion de la production pour garantir une vision holistique de la disponibilité des actifs. 
Il inclut la détection et anticipation des déviations des performances moyennant la 
surveillance de la production et les processus qui ont un relation avec le produit, 
l’identification des divers causes possibles et la prédiction du temps d’occurrence. C’est 
précisément dans cette domaine que le projet PLANTCockpit a été proposé, avec 
l’objectif de mettre à disposition un mécanisme de support de décision pour une 
maintenance intégrée et la gestion de la production, et également pour l’optimisation de 
l’utilisation des actifs de production.      
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Dans ce projet, une étude des diverses méthodologies existantes pour la gestion des 
actifs et leur optimisation sera réalisée. Le résultat de cette étude permettra de proposer 
une approach de gestion et optimisation innovante des actifs. De plus, une étude plus 
approfondie sur maintenance prédictive et le standard MIMOSA (Machinery 
Information Management Open System Alliance) sera introduite avec l’objectif de 
prouver que ceux-ci contribuent à l’amélioration de l’optimisation de l’utilisation des 
actifs.            
 
Mots-clés: Gestion des actifs, Optimisation de l’utilisation des actifs, Maintenance 
prédictive, Gestion de cycle de vie des produits (PLM), MIMOSA   
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1. Introduction 
The main players of the present project are assets. Organization’s assets are broadly 
defined as any core or acquired elements of significant value that provide services for 
this organization. Nowadays, the management of assets such as facilities and 
equipments can become a daunting task and the optimization of their usage is crucial. 
Asset optimization consists of improving the uptime, throughput, product quality, 
production costs and is an essential factor to guarantee increased profitability. These 
days, there is an increasing interest in asset management and optimization, partly due to 
the economic worldwide recession and to the rapid advances in technology, which force 
companies and plants to carefully use their assets and resources [55]. It is common 
knowledge that nowadays, due to the current economic situation many companies are 
still facing of achieving greater profitability and better operational efficiencies with 
fewer human and assets. Therefore, it is necessary to implement new procedures and 
perform new asset management policies and methodologies. It is a fact that only the 
companies who will learn and adapt will survive.     
 
Asset management mainly concerns the production assets on which an organisation has 
invested and is expanding to human assets within organisations as well. Engineers are 
ceaselessly coming up with new methods in order to get more out of production and 
understand perfectly how the equipment on the factory floor is performing. That is why 
data are a vital need. It is a fact that data are generated by events and actions of humans, 
assets and software systems, and flows along the product lifecycle phases. In industry, 
Product Lifecycle Management (PLM) is the process of managing the entire lifecycle of 
the product from its users’ needs, through design and manufacture, to service and 
disposal. PLM integrates people, data, processes and business systems and enables the 
full description of the product through its lifecycle. In this context, the main objective of 
PLM is to provide the right information to the right person at the right time in the right 
format [29]. The product lifecycle comprises three main phases: Beginning of Life 
(BOL), which includes design and manufacturing; Middle of Life (MOL), which 
includes usage and maintenance; and End of Life (EOL), which includes various 
scenarios, such as recycling, disposal, reuse, and others [6]. Efficient PLM strategy 
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implies acquiring effectively information along the entire product lifecycle, and makes 
it useful in order to boost performance in data management and in converting data into 
knowledge. The prime objective of PLM is the control and distribution of information 
between lifecycle agents and phases [6]. 
 
Due to the lack of interoperability and integration among information systems, a huge 
amount of information, and consequently knowledge, is being lost. Therefore, the 
definition of a common-hierarchy data structure is required to achieve this challenging 
goal, and allow data exchange between different IT platforms and systems. There are 
several models focused on this research direction [1].  
 
Production Logistics and Sustainability Cockpit (FP7 ICT FoF PLANTCockpit) is 
created with the main objective of being the central environment of monitoring and 
control of all intra-logistical processes in production. It is common knowledge that in 
today’s competitive world, due to the rapid increase of the difficulty in catering the 
more-and-more demanding and ever-changing markets demand, optimization of 
production of plant has become an indispensable issue to succeed in the discrete 
manufacturing industry, leading to benefits enhancement and a substantial reduction of 
costs. Thus, a holistic view of all the processes involved in manufacturing and 
production is required in order to provide production supervisors and foremen with the 
relevant information for decision-making [1]. The following illustration summarizes 
graphically the vision of PLANTCockpit project: “integration of all the manufacturing 
processes in order to foster economical growth as well as to minimize negative impacts 
to the environment, and to cater for the demands of society.” [1] 
 
3 
 
 
Figure 1: Overall vision of PLANTCockpit [1] 
 
Seamless integration of heterogeneous shop floor management systems, ERP 
(Enterprise Resource Planning), MES (Manufacturing Execution System), SCADA 
(Supervisory Control and Data Acquisition), Condition-Based Maintenance and special-
purpose information systems – is both sine qua non to identify bottlenecks, current 
status, deviations and all the relevant data involved in manufacturing, and not an easy 
task to undertake. That is the reason why PLANTCockpit is developed, to harmonize all 
the systems that come from multi-vendor environments by defining standard interfaces 
and a reference model for integrating the most important manufacturing processes [1]. 
In this context, Machinery Information Management Open Systems Alliance 
(MIMOSA) is a not-for-profit trade association aimed to face the lack of interoperability 
among information systems coming from multiple vendors, by the design of open 
information standards and interfaces [28]. In the present project, MIMOSA’s 
contributions in manufacturing are going to be highlighted, especially in a specific 
lifecycle stage: the maintenance of the production machines. 
 
PLANTCockpit’s challenging goals as described above comprise of several research 
objectives. As it has been mentioned, in this project special emphasis will be put on the 
maintenance of the production machines. Visibility and integration across all 
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manufacturing processes, layers and systems is a vital need as well as increased energy 
efficiency and reduced waste production. Holistic visibility and integration requires: 
cross-industry ontology, data and process model definition, standardized interfaces 
development, and propagation and aggregation of alarms and events due to the 
importance of real-time information in the form of alarms and events in manufacturing 
operations [1]. Furthermore, within the idea of seamless integration, there shall be a 
special focus on integrating monitoring systems to retrieve relevant information 
concerning production assets, their energy consumption and environmental impact. 
Analytical tools need to be provided in order to turn raw data into useful information 
and to fully express the meaning of measured consumption data or waste output [10].  
 
Finally, asset optimization through predictive maintenance needs to be studied, since it 
is known that the highest optimization potential for energy consumptions lies in the 
efficiency of production assets [5]. Within predictive maintenance, Conditioned-Based 
Maintenance will be deeply treated, since it is useful to easy identify and address 
problems and develop countermeasures so as to face any specific and abnormal 
situation. Needless to say, the integration and benefits of predictive maintenance 
systems will be taken into consideration as well. 
 
1.1 Motivation 
The motivation of this project lies in four main pillars: the existing methodologies for 
asset management and optimization and future challenges and researches in this 
domain; predictive maintenance and future challenges; MIMOSA’s contribution to 
predictive maintenance, integration and interoperability of information systems; to 
provide a novel asset management and optimization approach with predictive 
maintenance. 
Asset management and optimization 
Nowadays, production assets are under constant pressure for reducing operating costs, 
enhancing reliability of the equipments, and improving the quality of the product. The 
risk involved in running an asset without proper attention to integrity in service is high, 
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and can result in several disastrous consequences for the enterprise [20]. These are the 
main reasons why asset management plays a vital role in manufacturing.
 
Asset management consists of operating a group of assets over the whole technical 
lifecycle in order to guarantee a suitable return and to ensure a correct service [55]. In 
today’s competitive industry, providing a high quality of service at minimum cost is 
becoming a challenging goal, and it requires a good asset management policy and 
methodology to ensure that production assets will remain in a satisfactory condition. 
Successful integration and interoperability of asset management tools enables to 
effectively manage capital investments and knowledge [39].  
 
Today, almost every manufacturing plant manages the information concerning its assets 
as follows: the information at the machine level is gathered by condition monitoring 
equipment and immediately routed through the Computerized Maintenance 
Management Systems (CMMS); then the aforementioned information is shared at the 
Enterprise Asset Management (EAM) and ERP levels to enhance decision-making [1]. 
It is a fact that individually these tools provide benefits, but together they build on each 
other and work in symbiosis to produce a comprehensive plant asset management 
solution. A novel approach based on seamless integration and interoperability within 
asset management and information systems is required, and predictive maintenance 
constitutes a vital factor to enhance current asset management and optimization 
methodologies. 
 
Predictive maintenance 
As it has been mentioned, maintenance is a part of the product lifecycle that has been 
under constant evolution since 1960 [28]. First appeared reactive maintenance – fix it 
when it breaks –then preventive maintenance –inspect or replace at regular scheduled 
intervals less than the average time to failure-, and finally, intelligent maintenance, 
which includes condition based or predictive maintenance, that has been considered as 
the most effective method for maintaining industrial equipment [26]. Moreover, the 
maintenance information systems area has undergone several changes and competing 
systems in the condition assessment area have developed independently, leading to an 
industrial user confusion due to the several choices of proprietary products that cannot 
6 
 
communicate with each other or with a third party desktop application, resulting in a 
serious lack of interoperability [1]. Several models and studies are being developed to 
face this challenging issue, which can become a true nightmare for managers and 
foremen. 
 
MIMOSA, seamless integration and interoperability 
Management of industrial processes consists of planning, controlling, measuring and 
auditing of processes for purposes of productivity and competitiveness [34]. In the 
beginning, data-processing systems were islands of information that either lacked 
integration or with very little integration. As technology progressed, integration of these 
systems resulted in Material Resource Planning (MRP), MRP-II, and now Enterprise 
Resource Planning (ERP), Supply Chain Management (SCM) and Customer 
Relationship Management (CRM). All these information systems lead to a broad range 
of integrated applications suites that automate business processes, productivity, 
efficiency and manageability [30]. In summary, it can be stated that data-processing 
turned gradually into information processing.  
 
Nowadays, there exist massive software systems from multiple vendors that lack 
integration between them, and make the decision concerning the systems which should 
be implemented more difficult, due to the absence of interoperability and the need to 
design multiple interfaces. In this context, MIMOSA (Machinery Information 
Management Open Systems Alliance) is developing consensus-driven open information 
standards and open interfaces (an interface where software components are able to 
automatically communicate without any proprietary or supplier-specific interface 
protocols), enabling purchasers to select the optimum product in each field with 
expectation of full interoperability. Therefore, a holistic view of the overall 
manufacturing process can be provided to managers and foremen to perform efficient 
decision-making regarding asset management and optimization. In the present project, it 
is going to be analyzed how MIMOSA’s framework can contribute to predictive 
maintenance. 
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To provide an asset management and optimization approach with predictive 
maintenance 
Knowledge has become the most precious commodity in manufacturing plants and in 
every business [30]. The use of real-time plant asset management increases process 
uptime and reduce maintenance costs. The true challenge is having relevant information 
available at the right time, in the right form and to the right people. The proposed asset 
management approach combines the needs of the production and the maintenance of the 
manufacturing plants. Its aim is to increase both equipment availability and production 
rate by providing insight into asset’s health, corrective actions instructions and 
organization visibility [30]. In addition, it reduces time invested on decision-making and 
coordinates production and maintenance activities. The aforementioned asset 
management approach is supported by the following tools and strategies, presented in 
chapter 2 and 3: condition based monitoring, predictive maintenance, health 
assessments, process optimization, energy management, alarm management, operator 
and end-user training, historical analysis, tracking assets, LifeCycle Cost planning and 
analysis, best maintenance practices, health safety and environmental issues, diagnostic 
and prognostic services, CMMS capabilities and risk management. 
 
This approach provides real-time asset monitoring, notification and maintenance 
workflow optimization of automation equipment, plant and equipment infrastructure, 
field devices, IT assets and manufacturing processes [42]. It tries to bring together, in 
one user interface, all information resident in disparate automation and monitoring 
systems to provide a composite view of the health and performance of an asset. Thanks 
to this transparency in managing the information, it is possible to eliminate the need for 
the user to switch between several systems, workplaces, application environments and 
navigation schemes [42]. 
 
1.2 Objectives and Research Questions 
In asset management and optimization and predictive maintenance there are still open 
issues that need improvement and more research efforts, as well as MIMOSA and its 
open information standards, developed with the aim of achieving seamless integration 
and interoperability among information systems. A number of research papers have 
been performed to tackle these issues [1], [51].  
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In today’s industry plants, a holistic view of the overall manufacturing processes is 
indispensable. It is time to take advantage of the more and more sophisticated 
technologies advances and focus asset management and optimization -and the 
maintenance of the manufacturing machines- on the monitoring and centralization of the 
manufacturing processes. Predictive maintenance is a key factor to achieve these 
challenging goals, since it enables the anticipation of asset’s failure and their time of 
occurrence, improving considerably asset management and optimization, maintenance, 
and providing a novel approach to this field. None of these objectives will be achieved 
if integration and interoperability among information systems and the multiple IT 
platforms needed in a plant are not guaranteed. Here is where MIMOSA and its 
standards play a vital role and focus their efforts. Based upon this, the project is 
comprised of four main objectives: 
1. To provide a novel approach in asset management and optimization. To do so, a 
study of the existing methodologies in this domain will be performed. The 
outcome of this study will be the culmination of such an approach. 
2. To identify MIMOSA standards’ current approaches in predictive maintenance 
of the production machines.   
3. To improve the proposed asset management approach with predictive 
maintenance. 
4. To give directions of how to improve the current approach and research study.  
 
How are these objectives going to be dealt with? First of all, to address objective 
number 1, a survey in asset management and optimization methodologies will be 
provided, highlighting its importance and contribution to manufacturing processes. The 
aim of this study is to provide a novel approach to this domain, to stress future 
challenges and to identify aspects of asset management and optimization that require 
improvement.  
 
Secondly, concerning objective number 2, a thorough analysis of maintenance 
techniques, their strengths and weaknesses, and evolution of maintenance will be 
performed. Immediately after, MIMOSA and its standards related to asset management 
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and predictive maintenance are going to be studied. Afterwards, within maintenance, 
predictive maintenance, its recent developments, future challenges and new research 
questions are going to be deeply treated, and common features between MIMOSA’s 
information model and predictive maintenance are going to be highlighted. 
Subsequently, within MIMOSA’s information model, an analysis of MIMOSA 
standards and what they cover in predictive maintenance is going to be performed.  
 
Thirdly, with respect to objective number 3, the outcome of the study of asset 
management and optimization existing methodologies is going to be improved by 
introducing predictive maintenance. Three main processes involved in predictive 
maintenance and that give added-value to asset management and optimization practices 
are going to be deeply analyzed: business assessments, asset data management and asset 
optimization.  
 
Finally, to address objective number 4, it is going to be explained in detail how to apply 
this novel approach with predictive maintenance in an industrial case. This way, the 
benefits of introducing predictive maintenance in asset management and optimization 
will be proved thanks to future works.     
 
1.3 Methodology 
The methodology followed in this project consists of three logical main steps: the 
description of the studies and the survey works and technology concerning asset 
management and optimization, predictive maintenance and MIMOSA; the development 
of a novel asset management and optimization approach including predictive 
maintenance, based upon the concepts studied in the previous step; the overall 
evaluation of the benefits of such an approach, as well as stressing the future extensions 
and improvements of this work, by explaining how to apply the aforementioned 
approach in an industrial case study.  
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Figure 2: Methodology process overview 
 
In the first step, the survey works in current asset management and optimization 
existing methodologies are going to be studied so as to acquire deep knowledge of the 
domain, identify future works, research lines and improvements required in this field. 
Secondly, the existing techniques of maintenance of the production machines are going 
to be tackled, introducing the predictive maintenance strategy. Afterwards, predictive 
maintenance is going to be analyzed in depth and several research papers are going to 
be studied in order to identify possible gaps on the current approaches and which 
direction the future researches are focused on. Finally, MIMOSA standards will be 
analyzed, as well as its current approaches to production and predictive maintenance. 
 
In the second step, the knowledge acquired in the first step will be used in order to 
propose a novel approach to asset management and optimization, based upon predictive 
maintenance. Many concepts emerge from such an approach, such as seamless 
integration, interoperability, holistic view of the overall manufacturing process, which 
are sine qua non to achieve great standards in the discrete manufacturing industry. In 
addition, all the data concerning the lifecycle of the assets and all the process involved 
in data treatments and processing are going to be deeply analyzed from the predictive 
maintenance perspective, always concentrating on the manufacturing machines. 
 
Step 1: Survey 
 Asset management 
and optimization 
methodologies 
Maintenance and 
predictive 
maintenance 
MIMOSA standard’s 
current predictive 
maintenance approaches 
Step 2: 
Development 
Asset management 
and optimization 
novel approach 
with predictive 
maintenance 
Step 3: conclusions  
 Potential benefits 
of such an approach 
Improvements and 
future works 
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Finally, in the third step, the proposal of this approach is going to be used in order to 
identify and analyze its potential benefits and identifying aspects that need improvement 
and future research lines. A future extension of this work, consisting of how to apply the 
asset management and optimization approach with predictive maintenance in an 
industrial case, is going to be described in detail.  
 
1.4 Contributions 
 The main contribution of the present project is a novel approach in asset management 
and optimization with predictive maintenance. The outcome of the study of the existing 
methodologies for asset management and optimization, predictive maintenance, and 
MIMOSA’s current approaches to this particular lifecycle stage, contributes to a better 
understanding of the concept of maintenance and its importance within the 
manufacturing industry.  
 
Diagnosis and prognosis models will be treated in depth, - in posterior sections since 
they are the main pillars of predictive maintenance -, and new research directions are 
going to be highlighted. That is to say, this project is an attempt to show to the reader 
the potential benefits of this maintenance technique, while contributing to a better 
understanding of how MIMOSA’s framework can boost predictive maintenance in 
terms of integration, interoperability, holistic view and control of manufacturing 
processes. A new concept of asset management and optimization, - and thus a new 
concept of maintaining the assets-, based on business assessments, asset data 
management and optimization is going to be provided by this work, and it will be 
demonstrated that it leads to a considerable enhancement in decision-making dealing 
with asset management and optimization. 
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1.5 Project Structure Outline  
In chapter number 2, the state of the art of asset management and optimization will be 
presented. This section will provide the reader with the necessary knowledge to acquire 
further comprehension of asset management and optimization methodologies, and the 
framework followed to apply them. Future research lines in this field are going to be 
stressed. 
 
In chapter number 3, a survey in maintenance techniques will be performed, putting 
special emphasis on predictive maintenance and its future research lines. In addition, 
MIMOSA’s standard and its current approaches to predictive maintenance are going to 
be analyzed in depth. In this way, common features between MIMOSA and this 
maintenance strategy are going to be easily identified. 
 
As an outcome of chapter 2 and 3, chapter number 4 contains an asset and optimization 
approach based upon the previous knowledge acquired in the previous chapters. The 
aforementioned approach is general-to-specific. That is to say, first of all, asset 
management and optimization methodologies’ requirements are going to be identified. 
Afterwards, an asset management and optimization novel approach is going to be 
performed. The above-said approach is going to be enhanced by including predictive 
maintenance, and finally by introducing MIMOSA’s standards. The benefits on 
introducing predictive maintenance in asset management and optimization are going to 
be highlighted. 
 
Chapter number 5 contains the conclusions of this work and the future perspectives and 
opportunities for extending the project. With respect to future works, it is going to be 
described how to apply this approach in an industrial case study. This project is mainly 
theoretical; therefore, in order to validate the proposal, a practical case study must be 
performed in order to prove the benefits on predictive maintenance in practice, leading 
to an improvement of the proposed approach. 
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2. Survey in asset management and 
optimization 
In this chapter, a brief description of the existing methodologies of asset management 
and optimization is presented, as well as future challenges in this field. The prime 
objectives of this study are basically three: to show the capabilities of the existing 
technology and the opportunities they provide in asset management and optimization 
methodologies and systems; the main steps to develop an asset management 
methodology; to provide a basic knowledge of asset management, optimization and 
asset lifecycle.  
 
2.1 Overview of asset management and optimization 
Broadly defined, asset management is an emerging concept which consists of 
integrating finance, planning, engineering, personnel and information management so as 
to manage assets cost-effectively (AASHTO 1997) [55]. Its aim is to improve decision-
making processes and embraces all of the above-said processes, tools and data needed to 
manage assets efficiently. In other words, it means operating a group of assets over their 
whole technical lifecycle, while guaranteeing a suitable Return On Investment (ROI) 
and ensuring defined service [44]. Goals and objectives define asset management 
decisions, which are established by the company, as well as condition and the targeted 
level of service of the assets. Performance measures need to be selected in order to 
express with full objectivity the system condition and level of service. 
 
It is essential and challenging both to find the balance between requirement regarding 
the product to be manufactured and service quality at affordable prices, and always take 
into consideration the shareholders demands for suitable ROI’s on the capital invested 
by them; hence the necessity of aligning strategies and operations with shareholders 
values and objectives. In addition, in order to make the right decisions, it is 
indispensable to analyse the several dependencies existing between maintenance and 
renewal actions and the costs and the quality of service. From a business perspective, 
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managers must choose between acceptable levels of asset reliability and the required 
resources to attain them. Cost-effective asset management consists of finding the lowest 
overall cost point in the resource-reliability equilibrium, through the maintenance 
budget [41]. Figure 3 illustrates this idea: 
 
 
Figure 3: Lowest overall cost point in the resource-reliability equilibrium [46] 
 
According to Asset Management guiding principles, an asset management system 
should be: 
• To-the-point;  
• Business oriented; 
• Long-term in outlook; 
• Accessible and user friendly; 
• Flexible. 
 
What is more, an ideal asset management system should include [44]: 
• Strategic goals; 
• Inventory of assets;  
• Valuation and evaluation of assets; 
• Quantitative condition and performance measures to know whether strategic 
goals are being achieved; 
• Use of information; 
• Performance-prediction capabilities; 
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• Relational databases to integrate individual management systems; 
• Engineering and economic analysis tools; 
• Continuous feedback procedures. 
 
Asset management is not only important for the decision-making process, but also 
enables dialogue between other information systems users, stakeholders and managers 
concerned with the daily operations [41]. Furthermore, it provides access to qualitative 
and quantitative data allowing decision-makers to identify more rapidly and focus on 
the key issues. Consequently, the “what if analysis”, (the analysis of the impact of 
choosing one alternative or another), is enhanced considerably. 
 
Nowadays, computerized asset management is possible thanks to the technical 
revolution in computers, automated data collection, testing equipment, design 
procedures, analytical tools, and so on [44]. Most of the existing management systems 
function at the operation level and focus on a particular asset. Asset management is 
dependent on technology in two key areas. The first area comprises the collection, 
storage, and analysis of data. Data can then be stored, retrieved, and analyzed with 
powerful data servers and software. The second aspect of technology concerns the 
presentation and communication of the analytical results to decision-makers inside and 
outside the plant. 
 
 
Figure 4: Strategic asset management framework requirements [55] 
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The key objective of asset management is to convert data available into useful 
information. This requires the ability to collect and evaluate data, analytical tools to 
evaluate and select the most cost-effective alternative investment strategies on asset 
management. The technological advances made in information management have made 
comprehensive asset management a feasible goal. In other words, “asset management is 
a data-intensive process, with information management in the center” [44].   
 
2.2 Asset management methodologies 
In general terms, asset management refers to any system where things that are of value 
to an entity or group are maintained and monitored. There are two kind of asset 
management; financial asset management, - which is not going to be treated -, and 
enterprise asset management. The last one consists of the business processes and 
information systems that support the management of both physical asset and non-
physical assets [56]. Within enterprise asset management, four categories can be 
identified: 
• Digital asset management: a form of electronic media content management that 
includes digital assets [37]. 
• IT asset management: practices that support life cycle asset management and 
strategic decision making for the IT environment. 
• Fixed assets management: it seeks to track fixed assets for the purposes of 
financial accounting and preventive maintenance [56]. 
• Physical asset management: It consists of managing the whole lifecycle (design, 
construction, commissioning, operating, maintaining, repairing, modifying, 
replacing and decommissioning/disposal) of physical and infrastructure assets 
such as structures, production and service plant, power, water and waste 
treatment facilities. Engineers state that it is a multi-disciplinary activity that 
aims to tackle the issues of asset capability, life, safety, maintenance and 
reliability, taking into account economical and managerial factors [38]. It can be 
called Life Cycle Asset Management, and is the one that is going to be analyzed. 
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2.2.1 Digital asset management 
In this case, the “asset” is collected and stored in a digital format, and is any kind of 
item of text or media that has been formatted into a binary source. It consists of 
management tasks and decisions surrounding the ingestion, annotation, cataloguing, 
storage, retrieval and distribution of digital assets [37]. 
 
2.2.2 IT asset management 
IT asset management (ITAM) is the set of business practices that support LCAM, -
which will be deeply treated in section 2.2.4, - and strategic decision making for the IT 
environment. Hardware and software are included in “assets” [36]. It has four main 
goals: 
• Reveal savings via process improvement and support for strategic decision 
making 
• Gain control of the inventory 
• Enhance performance of assets and the life cycle management 
IT management is not an easy task to undertake. Several studies are being developed in 
that direction, since software engineers have yet to create reasonable information 
systems to manage software. “ONE HUNDRED PERCENT, of managers, at tens of 
corporations and non-commercial organizations were asked for information and 
declared this most vital corporate asset as de facto unmanaged” [36]. 
 
2.2.3Fixed asset management 
In general terms, a fixed asset can be defined as an object that a business uses internally 
including but not limited to computers, tools, software, or office equipment [56]. Fixed 
asset management consists of tracking assets for the purpose of financial accounting and 
preventive maintenance. A popular approach to do so are asset tags, and some ERP have 
modules specialized in that direction. There are also automated methods that automate 
the process of tracking, such as RFID, that will be explained afterwards, in section 2.4. 
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2.2.4LifeCycle Asset management 
Within the existing methodologies for asset management, LifeCycle Asset Management 
(LCAM) is widely used nowadays in the discrete manufacturing industry. It constitutes 
an integrated approach to optimizing the lifecycle of the assets, beginning at conceptual 
design, through to usage, decommissioning and disposal (design, construction, 
commissioning, operating, maintaining, repairing, modifying, replacing and 
decommissioning/disposal). Companies must take a holistic approach that addresses 
infrastructure assets, supports resources, business processes, data and technology vital 
to success, in order to ensure effective asset management and decision-making. To 
achieve operational excellence, it is of extreme necessity to incorporate asset 
management into daily business routines, by enabling this holistic approach and 
managing effectively asset data [32]. 
 
So as to support LCAM, four foundational elements must be taken into consideration: 
management strategy, optimum organizational design, long term asset planning and risk 
management [32].  
 
Management strategy development  
A planned and correct strategy is indispensable for a successful LCAM program. It 
enables communication and integration between company stakeholders since it creates a 
common understanding of asset management and reach consensus on business 
objectives. The achieved goals are the following [32]: 
 
• A common understanding of strategic asset management concepts; 
• Defined service level targets; 
• An assessment of the current asset management activities and advice for 
improvement; 
• And a scheduled plan to improve the asset management capabilities of the plant; 
 
The outcome of this foundational element is a an asset management strategic plan that 
provides a plan, schedule, budget and business case in order to move forward with a 
viable life cycle asset management process [32]. 
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Organizational design 
An adequate organizational structure with defined roles and responsibilities is necessary 
so as to achieve program objectives [36]. People, data, processes, information 
technology must be integrated to reach business success and a successful asset 
management program. 
  
Long term asset planning     
“Deciding how to best invest limited capital and Operations and Maintenance (O&M) 
dollars requires an understanding of the current condition and capacity of the 
company’s infrastructure, as well as future capacity and reliability requirements” [32]. 
The objectives of the planning process must be: 
 
• Prioritize capital projects over a five to ten year period based on strategic 
objectives; 
• Forecast capital renewal, replacement and expansions costs [36]; 
• Forecast infrastructure-funding requirement based on long-term cost [36].  
 
Risk management 
When talking about asset management, risk management must not be forgotten. Best 
practices state that an asset management plan comprises of Operations, Maintenance 
and Risk. There are five main risks that unable an organization to manage optimally its 
assets: not knowing what they have; over or under maintenance; improper operation; 
improper risk management; and sub-optimized asset management systems (Carl March, 
November 2010). 
• Not knowing what you have: many organizations do not appreciate the need to 
know with a high level of confidence and in depth the assets they have and do 
not take the time to do so [33]; 
• Over or under maintenance: over maintaining is a problem, as well as under 
maintaining; over maintaining leads to a significant cost associated with the 
execution of non-value-added maintenance; with respect to under maintenance, 
in some organizations, maintenance is considered as a business expense and is 
underestimated [33]; 
20 
 
• Improper operation: several organizations lack a lot of understanding 
concerning the design capabilities of their assets and ignore how best to operate 
within their ranges to optimize the asset performance [33]; 
• Improper risk management: each area of a plant must be provided with a proper 
risk management plan in order to avoid catastrophic consequences, resulting in 
ineffective asset management [33]. 
• Sub-optimized asset management systems: many asset management systems 
suffer from deficiencies that unable a holistic view of the processes; 
consequently, secondary systems are often required, leading unavoidably to a 
problem of lack integration; in addition, it is often forgotten that human 
resources and business processes are indispensable components of an asset 
management system [33]. 
 
It is common knowledge that risks can arise at all the stages through the lifecycle of an 
asset. Obviously, risk management needs to be applied taking into account the entire 
duration of the life of the asset and in an effective way, considering all the lifecycle 
stages of the asset, whenever a significant decision needs to be taken. It can be defined 
as a systematic process to identify risks that may impact on the organizations objectives, 
analyse their consequences and develop measures to treat them [33].  
 
2.2.4.1 LifeCycle Cost  
The determination and identification of costs is a vital and integral part of the asset 
management process. In the past, comparison between asset alternatives was based 
mainly upon initial capital costs [40]. However, ongoing operating and maintenance 
costs must be taken into consideration provided that they consume more resources over 
the assets’ service life. Both initial capital costs and ongoing operating and maintenance 
costs must be used when performing decision-making. In summary, Life Cycle Costing 
(LCC) of an asset can be defined as “the total cost throughout its life including 
planning, design, acquisition, installation, operation, maintenance, refurbishment, 
disposal and support costs and any other costs directly attributable to owning or using 
the asset” [40]. This methodology comprises Life Cost Planning and Life Cost 
Analysis: Life Cost planning concerns the assessment and comparison of alternatives 
and options during the design or acquisition phase; Life Cost Analysis concerns 
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creation, operation and disposal of a selected alternative to be monitored throughout its 
life in order to make decision dealing with how to minimize costs [41]. 
 
LifeCycle Cost (LCC) is a widely used methodology. In asset management, it is of vital 
concern to asses adequately the costs arising from the use of assets over the length of 
their lifecycle. Life Cycle Cost can be defined as the vehicle by which costs arising at 
each stage of the life of an asset are taken into account [40]. All the practices and 
disciplines (management, financial, engineering …) involved in the life of an asset must 
consider the cost consequences of their decisions in order to look for economic cost 
situations. Arguably, LifeCycle Cost is an asset management decision-making tool, 
whose prime objective is the optimum use of resources to the benefit of the organization 
or plant [41].  
 
Thanks to LCC, managers have the means to quantify and consider all the options to 
select the optimum asset configuration and to take into consideration the trade-offs 
between cost elements; for instance, an increased initial cost of equipment to secure a 
future reduction in maintenance cost, and to select the optimum solution [40]. This 
technique includes a large array of techniques -such as cost benefit analysis, preparation 
of cash flows, sensitivity analysis and probability theory- that are brought together to 
enable managers to consider costs of asset management over the life of the asset so that 
its value can be optimized. 
 
Distribution of costs 
LCC includes costs of: 
• Specification; 
• Design; 
• Acquisition/manufacture/build; 
• Installation; 
• Commissioning;  
• Operation; 
• Maintenance; 
• Disposal. 
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“By the end of the concept and definition phases of acquisition, more than half of the 
asset’s life costs may be committed by decisions made with respect to asset features, 
performance, reliability, technology, and support resources. By the end of design and 
development phases, even more of the asset's life costs may be fixed” [41]. This 
statement refers to the fact that it is crucial to early identify the acquisition and 
ownership costs, since decisions made, -concerning reliability, maintainability, 
maintenance and so on-, early in assets’ lifecycle have more influence than those made 
late in an asset lifecycle. Fig. 5 illustrates this concept very clearly: 
 
 
Figure 5: Potential savings and costs relationship [40] 
 
The costs of owning physical assets comprise three groups: the initial capitals costs; the 
revenue costs of operating and maintaining the asset during its life cycle; finally, the 
cost of asset disposal [40]. 
 
23 
 
  
Figure 6: Physical asset cost elements and interactions [40]  
 
It is of extreme importance to monitor costing data at each stage of the life cycle in 
order to verify cost assumptions throughout the life of the asset. The interaction of cost 
elements determines the way to assess life cycle costs and makes trade-offs become 
significant. The relationship between initial expenditures, operation and maintenance 
and disposal can be varied to achieve optimum life cycle costs, by substituting one cost 
element for another [40], [41].  
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Figure 7: The cost of asset ownership [40] 
 
As it can be appreciated in the graph, as the acquisition costs of the equipment (curve 
A) increase, the downtime and maintenance costs (operating costs, curve B) decrease. 
Theoretically, this is logical since the more it is invested on the initial capital of the 
asset, less maintenance, -hence operating costs-, is required. Curve C is the total cost, 
obtained by adding curve A and curve B. The optimum life cycle cost is the absolute 
min of curve C, as indicated in the graph.  
 
There are several surprising issues deduced from this graph. The first is that the lowest 
capital cost does not lead to the lowest lifecycle cost, (operating costs are high). 
Secondly, additional capital expenditure to points X-Y leads to lowest life cycle cost. 
Finally, a choice of capital and maintenance between the points X and Y will not affect 
significantly the total life cycle cost.     
 
LCC methodology 
It may seem obvious, but when buying an asset, one must be completely sure that the 
need for the aforementioned asset is established at the outset and that the environment 
and the objectives of the plant have been carefully taken into consideration [34]. It is at 
this stage that key factors, who either affect the use of the asset or that indicate that it 
might not be necessary, can be identified. After having determined the need of acquiring 
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an asset, physical assets matching the needs of the plant at lowest cost over the life of 
the asset must be selected [41]. Three steps must be followed: 
 
• To predict physical asset requirements and their cost levels; 
• Quantify the life cycle costs of alternative asset options; 
• Identify the best alternative. 
 
Once the best option is identified, the next step is to monitor actual cost and compare it 
with the predicted lifecycle costs in order to achieve improvements. In the Fig. 8, a 
graphic representation of the life cycle cost system is illustrated: 
 
 
Figure 8: Life Cycle Cost System [40] 
 
As shown in the figure above, planning requires the forecasting of all the costs and the 
understanding of all the relationships between the costs of every single stage of the asset 
life cycle. Actual costs and events are monitored and fed back in order to enhance future 
designs and to improve the subsequent LCC [40]. In addition, monitoring enables to 
identify opportunities for optimizing asset life cycle costs. 
 
In order to perform such an analysis, Life Cycle Costing models must be defined. It is 
an accounting structure containing terms and factors which enable the estimation of an 
asset’s components costs [41]. Before selecting the aforementioned model, one must 
identify the purpose of the analysis and the future information it will require. Figure 9 
illustrates the main steps of the LCC process: 
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Figure 9: Life Cycle Costing Process’ steps [41] 
 
• Step 1: Plan LCC analysis. It consists of the development of a plan, which 
addresses the purpose of the analysis;  
• Step 2: Select/Develop LCC model. This step involves the selection of the 
model which will satisfy the objective of the analysis; 
• Step 3: Apply LCC model. This step involves obtaining data and develop cost 
estimations, validation of the model, and all the activities related to the 
application of the model; 
• Step 4: Document and Review LCC results. It involves the documentation to 
help users to understand the outcomes and implication of the analysis, as well as 
the limitations and uncertainties of the results obtained; 
• Step 5: Prepare Life Cost analysis. It involves the review and development of 
the LCC Model as a real-time cost control mechanism [41]; 
• Step 6: Implement and monitor Life Cost Analysis. Its aim is to provide 
feedback for future life cost planning activities; 
 
Life Cycle Costing’ main considerations in order to perform a correct analysis 
The LCC reliability is solely dependent on the information supplied [6]. Monitoring of 
asset performance and, consequently, data extracted from the several sources of the 
organization is essential. It is in this step of LCC where data acquisition and data 
processing play a vital role. It is crucial to identify the key assumptions that influence 
the LCC and to study the sensitivity of changing them. Subsequently, the costing of the 
most favourable alternatives must be conducted, compared and analyzed over the life 
span of the physical asset, by expressing them in a common form [40]. 
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The selection of the option that will provide the lowest life cycle cost must be made 
after a comparison between many parameters and variables viewed from different 
perspectives [41]. The main variables to take into consideration are financial and 
engineering. Thanks to the inherent nature of LCC, it will always be possible to 
introduce modifications that enhance production and reduce maintenance costs that 
result from technological advances. Furthermore, it is always advisable to adopt a 
procedure aimed at isolating the critical factors and assess changes in these factors 
concerning the costs. Risk management could be very useful to face management into a 
simple framework of risk so as to reward values [40].  
 
Last but not least, monitoring and feedback are the last stage of LCC. The decision-
making process concerning the acquisition and performance of a physical asset is not 
the final step of this approach. The true heart of LCC is the acquisition of actual cost 
data. Thanks to this, it is possible to gather better information about asset management 
which will feed into the next asset management policies. Actual costs and analysis must 
be fed back and compared with cost assumption reflected in previous analysis [41]. 
Deviations from the forecasts must be carefully analyzed in order to achieve planned 
objectives and strategic goals. It is an undeniable fact that there will be technological 
advances that will deal with asset management; these too will have to be fed back to the 
LCC. In summary, “Monitoring asset life cycle costs goes far beyond verifying 
achievement against expectation. It permits the organization to keep abreast of new 
opportunities for optimizing the return on physical assets” [40]. 
 
2.3 Asset optimization 
The prime objective of asset management is to combine and integrate the acquisition, 
evaluation, storage and distribution of assets and resources of an organisation. As it has 
been said, there are costs involved in developing and implementing an asset 
management system and vary depending on the systems implemented, as well as the 
benefits [31]. Due to the constant changes of technology, asset management systems 
must be constantly updated and even new systems must be developed because of the 
significance of the aforementioned changes. 
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Figure 10: Asset and resource management paradigm [31] 
 
As it can be appreciated in Fig. 10, capital investment is required for research and 
development, leading to improved technology for asset management.  
 
Optimization is defined as the research for better solutions. Most of industry problems 
have a non-unique solution, and optimization is the best way to find them and decide 
which one either should be or should not be applied. The term “best” refers to qualities 
of interest, such as cost, time, energy, etc. Optimized, integrated Asset Management 
represents the sustained best mix of: Asset care and Asset exploitation [44]. Purely 
defined, “optimization consists of trying to find the most attractive combination of 
conflicting elements, (which may involve high costs and very little risk, vice versa, or 
any other combination of elements), just so long as the net total impact is the best that 
can be achieved” [44]. That is to say, asset optimization does not consist of finding the 
balance between those “conflicting elements”, but of achieving the least total impact of 
those elements. 
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Figure 11: Asset optimization definition [44]  
 
There are significant challenges in defining the graph presented in Fig. 11. Asset 
behaviour, Key Performance Indicators, risks and costs are uncertain, and all contribute 
to make the lines ‘fuzzy’ and confusing [44]. In addition, in a manufacturing plant, there 
is the tendency to organise the staff into groups of functional specialism. Consequently, 
the personnel is not able to see the whole picture, having a holistic view of all the 
processes. Departments are set up to design the assets (“engineering”), exploit them 
(“operations” or “production”), and to care for them (“maintenance”) [44]. Only the 
managing director can be provided with this holistic view. That is the reason why he has 
the self-interest and the means to optimising the combination. 
 
Anyway, leaving apart this philosophy, optimization methods are comprised of two 
categories: non-heuristic and heuristic.  
 
2.3.1Non-heuristic methods 
Non heuristic methods consist of the application of mathematical methods coming from 
an area of mathematical analysis called calculus of variations. These methods include 
dynamic programming and other methods that require extremely complex calculations 
and are generally too computationally demanding to use them in the daily industrial 
problems [31].  
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2.3.2 Heuristic methods 
With respect to heuristic optimization methods, they are based on Artificial Intelligence 
(AI). They are based upon the general observations or “rules” about the qualities that 
must have an optimal solution [31]. Several authors define AI as the art of creating 
machines that perform functions that require intelligence when performed by people and 
is considered to be the branch of computer science that is concerned with the 
automation of intelligent behaviour [56]. In the past decade, the application of AI as 
expert systems was studied and implemented.  
 
 
Figure 12: AI concepts and expert systems architecture that uses a Geographic 
Information System (GIS) database for attributes and values [31]  
 
As shown in Fig.12, knowledge engineering is the interface or the link between the 
human experts and the expert system. In this kind of information systems the 
knowledge base is separated from the inference engine, commonly known as the control 
mechanism, which controls the system when it searches its knowledge base in a 
dynamic environment [31].   
 
The “AI shell” is the generic software environment used for the development and 
implementation of the expert systems. The rules and the qualities that must have an 
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optimal solution are programmed into the “AI shell” and are used continuously to 
generate, improve, and test the solution obtained. 
 
Expert systems can be easily integrated with other programs and databases in order to 
solve specific problems. Heuristic optimization techniques are suitable for industrial 
technology day-to-day problems thanks to the relative ease of use and simplicity of 
these rules, and are easily studied using computing resources. 
 
2.4 Future research lines  
Nowadays, many mathematical and quantitative models that address asset management 
are being developed [18]. In the survey above, asset management and optimization has 
been analyzed in the manufacturing domain, but there are a wide variety of domains 
where asset management is focused in a very different way.  For instance, there are 
some research works addressed to equipment leasing decision problems at the 
intersection of the fields of reverse logistics and equipment replacement [25]. 
 
Furthermore, there are multiple probabilistic approaches that are being studied, analyzed 
and developed to evaluate the economic impacts of alternative asset management 
strategies, especially in electricity industry. In the aforementioned industry, this issue is 
particularly acute since assets have attained high levels of reliability and failure data are 
limited, making asset management decisions difficult. There are also research efforts 
that present structures in which suitable quantitative information combined with 
physical models enable efficient asset management policies. Mathematical degradation 
models, like Markov chains, are useful since they allow predictions to be made as the 
future condition of assets and the impact of different asset management policies [18]. 
This is particularly useful when failure data are lacking and failure rate models are 
difficult to establish. 
 
Actually, no clear techniques exist for addressing asset management policies. 
Theoretical and failure models are difficult to implement in practice, since in many 
situations failure data are lacking. Over the years, we have moved from basic failure 
models to a more complex one’s. An example is shown in Fig. 13: 
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Figure 13: Traditional failure model in the left and an example of a new proposed 
failure model in the right [22] 
 
What is an undeniable fact is that most of the efforts are being directed to explore new 
approaches and techniques of monitoring, diagnosis, condition evaluation, maintenance, 
life assessment, in order to extend the life of existing assets as much as possible [19]. 
Today, asset management activities are numerous and researchers tackle them from 
different perspectives, since maintenance plans, condition monitoring techniques and so 
on, are dependent on the type of the asset [21].  A general asset management plan could 
be the shown in Fig. 14, which is mostly applied in transformers asset management: 
 
 
Figure 14: Transformer asset management activities [21] 
 
All in all, asset management generally comprises maintenance strategies, determination 
of components condition, asset simulation, statistical fault analysis and statistical asset 
management approach and lifecycle management [19]. So as to make correct decisions, 
it is essential to develop the ability to analyze the complex dependencies between 
maintenance and renewal actions and the cost of the quality of service [40], [41].  
 
33 
 
The actual challenge of asset managers is often not on the methodical side but lies on 
the IT infrastructure to support asset management and optimization decisions [36]. 
Furthermore, there is another challenge, which is the need for better knowledge on 
equipment deterioration and the corresponding models. What is more, since gathering 
data is essential, new sensor technologies are being developed for doing so, such as the 
RFID, (Radio Frequency IDentification, which is an automatic way to collect product, 
place, time, or transaction data quickly and easily without any human interaction), 
technology for real-time management of mobile assets [19], [20].  
 
The increasingly complex asset management decisions leads to investigate the 
integration of risk analysis and multi-criteria decision support under uncertainty, in 
order to reach great standards. In current practice, asset management decisions are 
generally based upon human judgment and field experience, which are commonly under 
the influence of personal view and bias [21]. A more scientific and reliable decision 
support systems and models are being developed to enable the companies to make the 
right decisions which may be vital to ensure that daily operations will not be disrupted. 
The prime benefit of some of this DSS is that its knowledge base accumulates 
experience through learning processes, (basically fuzzy logic principles), and become 
smarter, which permits to suggest the optimal action that needs to be taken to deal with 
the problem of asset conditions [31]. Finally, it is an undeniable fact that nowadays, 
current asset management focuses primarily on quantifying risk in monetary terms, on 
system and assets reliability, reliability centred maintenance (or asset management) 
combined with estimations of components’ condition (lifetime estimations, etc.) [40], 
[41], [45].   
 
All in all, many organizations have carried out researches that have demonstrated 
innovation in asset management, delivering performance and risk solutions. The 
following list summarizes the most relevant asset management projects [34]: 
• development of Whole Life Asset Management tools to optimise capital 
investment, asset renewal or maintenance requirements; 
• risk-based approaches to maintenance or inspection; 
• innovative asset information systems supporting Asset Management decisions; 
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• development of risk models to quantify financial, environmental and safety 
risks; 
• development of ‘operational readiness’ capabilities to plan for and respond to 
major incidents affecting the business and its customers; 
• novel approaches to asset and asset management performance measurement and 
related decision making; 
• novel approaches to competency and the development of asset management 
skills; 
• innovative use of asset knowledge to improve the reliability or efficiency of 
assets; 
• a new approach to managing change, as Asset Management is totally integrated 
in an organisation. 
 
2.5 Conclusion 
This chapter has been focused on presenting the existing methodologies for asset 
management and optimization, and explains on what are based the new lines of 
research. In case more details are required, the reader should refer to the sources and 
references. In summary, within asset management, four types have been identified: 
digital management, IT management, fixed asset management and LifeCycle Asset 
Management. The last one has been deeply analyzed since is the one that perfectly fits 
in the management of  physical assets of the discrete manufacturing industry, involves 
the concept of maintenance and is the most widely used. With respect to asset 
optimization, two sorts of methodologies have been identified: heuristic and non-
heuristic methods. Finally, the most relevant asset management projects and research 
directions have been stressed.   
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3. Predictive maintenance and 
MIMOSA standards’ current 
approaches 
In this chapter, common features between MIMOSA standards’ and predictive 
maintenance are going to be identified. To perform this analysis, first of all, a survey in 
maintenance techniques is going to be developed, introducing the predictive 
maintenance technique. Afterwards, MIMOSA and its standards focused on asset 
management and predictive maintenance are going to be studied. Once this previous 
knowledge is acquired, predictive maintenance is going to be deeply treated, stressing 
its recent developments and future lines of research. Finally, in section 3.4, -which is 
the key section of this chapter -, the contributions made by MIMOSA and its standards 
to predictive maintenance are going to be identified and highlighted. 
 
3.1 Survey in maintenance techniques 
In this section, strengths and weaknesses of the different maintenance techniques will be 
detailed. Maintenance strategies can be divided into different approaches that result in 
varying maintenance costs and asset availability [13]. As time goes by, the impact of 
maintenance in companies is becoming significant and more relevant in competitiveness 
and profitability. Its importance has been stressed due to the increasing use of 
automation and management systems and philosophies like Just in Time (JIT) and lean 
manufacturing, where the consequences of problems and anomalies in the 
manufacturing processes are diverse and really severe [3]. Gits and Johnson consider 
maintenance as “an integrated and coordinated part of a production process” [3]. It is 
essential to have access to data of all the areas affecting maintenance, (i.e. production, 
logistic, life cycle costing) in order to perform cost effective decision-making. 
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Maintenance strategies can be defined into different approaches. The most common way 
to classify them is to distinguish if the condition of the component is considered on the 
one side and if the importance of the component is considered on the other side [20].  
Both the condition and the importance are defined depending on the desired level of 
detail and data availability (Fig.15). 
 

Figure 15: Classification of maintenance strategies considering whether the condition of 
the component is on one side and the importance on the other side [20] 
In the following illustration, the different maintenance techniques can be clearly 
appreciated. 
Figure 16: Hierarchy of maintenance activities [21] 
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3.1.1 Corrective maintenance 
The most basic maintenance activity is the so-called Corrective Maintenance. It was the 
main maintenance activity a long time ago. The component is operated until its failure 
and then it is decided whether it is repaired or replaced. This is not the best strategy to 
lower cost since all the damages that are caused by the failures may lead to more cost 
[21]. It is suitable if the equipment is non-critical.  
 
This strategy is designed to perform maintenance activity upon the occurrence of 
failure, (“fix it when it breaks”). It may lead to catastrophic and unsafe failures that 
cannot be maintained and the asset can be finally lost. This kind of maintenance is 
reserved for the types of defects that are not serious and have no too bad consequences, 
like failure of some accessories. The main advantages are the following: it is the least 
expensive type of maintenance; it performs the maintenance only when it is needed, 
saving unnecessary inspections; it is widely understood by the maintenance members. 
Concerning the disadvantages, some failures may be un-repairable if not detected early; 
some failures may be costly to repair and often exceed the cost of a regular inspection 
[21]. 
 
 3.1.2 Preventive maintenance 
Unavoidably, corrective maintenance leads to preventive maintenance. Its aim is to 
prevent failures and damage of the manufacturing assets from occurrence and to 
guarantee long lifetime of physical assets. Preventive maintenance can be divided into 
two main groups: Time-Based Maintenance (TBM) and Condition-Based Maintenance 
(CBM) [21]. 
 
3.1.2.1 Time-Based Maintenance 
TBM is the most widely used today. It consists of examining, inspecting and 
maintaining the assets at constant intervals. It can be easily defined as: “inspect or 
replace at regular scheduled intervals less than the average time to failure” [47]. The 
time intervals are fixed either by the manufacturers of the assets or based on the 
experience of the operator. If the time interval is too short, this technique may cause a 
waste of time and money, since in some occasions components replaced are often in 
excellent condition, with substantial lifetime remaining. Furthermore, if the time 
interval fixed is too large, unexpected accidents might occur between maintenance tasks 
38 
 
[21], [47]. Regardless of time intervals, the act of replacing components may hazard the 
equipment if mistakes are made on reassembly. This maintenance technique is 
appropriate both when abrasive, erosive and corrosion wear out take place and when 
material proprieties change due to fatigue and other causes [11].  
 
 
Figure 17: Equipment failure cycle [47] 
 
As shown in Fig. 17, theoretically, according to the equipment failure cycle, the asset 
starts with a high probability of failures due to either manufacturing or installation 
errors. The probability of failures remains constant and low until the equipment begins 
to wear out. Time-Based Maintenance is scheduled to take place before the probability 
of failure increases significantly. Actually, the maintenance schedule is rarely optimal. 
Time-Based Maintenance is typically carried out too soon, leading to an increase of 
costs and decrease in reliability, since the failure cycle re-starts with a higher rate 
because of maintenance errors occurring. If it comes too late, the risk of wear-out 
failures is increased. To carry out effectively this strartegy, it is vital to know the actual 
equipment condition and to be able to predict the failure point [47]. 
 
In summary, the main advantages of TBM are: it is understood by maintenance 
engineers and technicians; it can detect the inception of faults to some extent, when the 
inspection interval is short; it can increase the lifecycle of the manufacturing asset 
thanks to regular inspections and maintenance. With respect to the disadvantages: it is 
expensive due to regular un-necessary inspections and the huge number of the required 
maintenance staff; in some occasions, TBM is unable to detect faults especially when 
the inspection interval is large [21]. 
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3.1.2.2 Condition-Based Maintenance 
Over the past fifteen years, Condition-Based Maintenance (CBM), -also called 
predictive maintenance -, has reached great standards thanks to its universal acceptance 
as the most cost-effective method for asset’s maintenance, since it leads to high 
availability and moderate maintenance costs. The following state clearly defines 
Condition-Based Maintenance: “Maintenance tasks are based on condition 
measurements and performed on the basis of defects, -before outright failure impacts 
safety and production” [11]. To be able to estimate the condition of the asset, additional 
data on the current condition of the asset’s component in form of indices and graphic 
information is required. Maintenance activity is needed when the estimated condition 
reaches or rises above certain thresholds. In other words, CBM relies on performing 
maintenance when the condition monitoring system detects an incipient fault, which 
will turn into a serious failure if not treated early by the CBM system [21]. If necessary, 
it should be able to generate alerts based on preset operational limits. Thanks to these 
techniques, the risk and probability of complete failure is reduced substantially. 
 
CBM strategies are developed upon advanced online monitoring and assessment 
techniques [11]. Condition monitoring, prognostic and diagnostic models play a vital 
role in CBM. Condition monitoring can be continuous, scheduled or on request. The 
most used condition monitoring is the continuous one; the scheduled or on request 
condition monitoring aims to reduce the cost of the continuous condition monitoring. 
The block diagram shown below in Fig. 18, illustrates a CBM system integrated with 
condition monitoring and condition assessment systems: 
 
 
Figure 18: Condition based maintenance system [21] 
 
First of all, a wide variety of sensors collect raw data, such as thermal data, vibrations 
signals, gases in oil, among many others. Afterwards, the input raw data is adjusted, (the 
data is removed to get rid of noises and is normalized if required), in the pre-
conditioning of data stage. Immediately after, useful information is extracted. Then, the 
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pre-conditioned and pre-processed data is used to assess the condition of the equipment 
and identify the kind of fault in the condition assessment and fault diagnosis stage. The 
next stage consists of interpreting the output data from the diagnosis stage by Artificial 
Intelligence or derived logics. Finally, the maintenance action takes place according to 
the output stage [21]. 
 
In summary, the main advantages of Condition-Based Maintenance are the following: 
maintenance is done when it is necessary; it saves costly unnecessary inspections; low 
possibility of complete failure. With respect to the disadvantages: continuous condition 
monitoring for many parameters is expensive; it is less understood by maintenance 
engineers and technicians;  it requires fast data communication and manipulation 
facilities for successful online monitoring; it needs experienced staff to design the 
monitoring system, select the suitable parameters to monitor, and select the optimal 
frequency of raw data collection [21].  
 
Based upon Condition-Based Maintenance, proactive maintenance comes in. Whilst 
CBM uses on-line condition monitoring in order to predict when a failure will occur, it 
does not always identify the root cause of the failure. Here is the reason why the idea of 
proactive maintenance was born. It relies on information provided by predictive 
methods to identify problems and isolate the source of the failure. The determination of 
the root causes leads to a prolongation of the life of the asset and will avoid repairing 
the same equipment for the same problem again and again [47]. It consists of attacking 
the cause of the problem, not the consequences and the effects. Proactive maintenance 
has been included in this section since it appears as a result of CBM evolution and 
improvement, and their working principles are almost the same. Anyway, leaving 
proactive maintenance and its advantages aside, Condition-Based Maintenance will be 
deeply analyzed in section 3.3. 
 
3.1.3 Reliability Centered Maintenance 
In general terms, Reliability Centered Maintenance considers the condition of the assets 
components, as well as the impact on the performance of the system [21]. This 
technique was initially developed by the commercial airline industry, it is the most 
recent maintenance technique and its aim is to preserve the function of a system at a 
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reasonable cost. It could be defined as a mix of more than a one maintenance technique 
in an optimized manner in order to reduce the system risk [14].  
 
A way to identify the risk of each failure mode must be set so as to define the optimum 
maintenance action. The formula shown below is an easy way to compute a risk index: 
 
Risk = probability of failure · consequences index [21] 
 
According to this formula, it is essential to prioritize the failure modes regarding their 
consequences on the asset and to model the probability of failure modes. The 
consequence index of each failure mode is a parameter determined by analysis of the 
history of data, or by experience [21]. Failure modes that have low risk are treated by 
corrective maintenance methods, whilst failure modes that have high risk index are 
treated by preventive maintenance such as CBM or TBM [13]. Despite their existing 
possibility of failure in systems and assets with RCM, the risks are minimized since 
high risk failures are not likely to occur. 
 
Many industries are converting Time-Based Maintenance into Reliability Centered 
Maintenance since the overall maintenance cost is reduced by 30-40% [13]. This new 
technique is facing several challenges, like the data needed about the failure modes and 
their consequences on the assets. Experience is very important in order to correctly 
prioritize the consequences of the failure modes on the assets and set the consequences 
indices to perform the risk calculations [21]. 
  
3.2 MIMOSA 
Machinery Information Management Open Systems Alliance (MIMOSA) is an alliance 
of Operations&Maintenance (O&M) solution providers and end-user companies, whose 
aim is to develop consensus-driven open data standards in order to enable Open 
standards-based O&M interoperability [57]. MIMOSA publishes XML-based open 
specifications for Enterprise Application Integration (EAI) and Condition-Based 
Maintenance (CBM). As a not-for-profit trade association, it promotes cooperative 
O&M and Collaborative Asset Lifecycle Management (CALM) market development. 
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Integration, interoperability and seamless asset management data exchange are the three 
main concepts on which open information standards developed in MIMOSA’s 
framework are focused. As it has been said, the primordial objective of the adoption of 
these systems is to enable Collaborative Asset Lifecycle Management (CALM) and get 
rid of the information gaps existing among Real-Time Control and Business 
Information Systems. All the studies and analysis within these two layers lack 
integration between the aforementioned areas (vertical information gap), and between 
O&M processes, systems and people (horizontal information gap). Overall, MIMOSA is 
working on effective solutions to reach an improvement in optimization of asset 
management by eliminating these impediments to efficiency.  
 
3.2.1 MIMOSA OSA-EAI 
MIMOSA introduces the MIMOSA OSA-EAI (Open System Architecture for 
Enterprise Application Integration) so as to promote the adoption of open information 
standards. MIMOSA OSA-EAI is a standard for data exchange of engineering asset 
management data and information related to all the aspects of the equipment (physical 
data, condition, maintenance of platforms, reliability, systems, yield...). That is to say, it 
is designed to transfer archived data which is normally stored in a database, without 
requiring middleware [26]. An advantage of using this standard as a basis to build a 
database is that it enables software re-use and data interoperability [26]. MIMOSA 
provides the following information standards, which are interrelated among them: The 
Common Conceptual Object Model (CCOM), the model basis for OSA-EAI; the 
Common Relational Information Schema (CRIS), that provides a common 
implementation schema that enables information’s integration from different systems; 
and metadata reference libraries and a series of information exchange standards which 
use eXtensible Markup Language (XML) and Structured Query Language (SQL). It 
defines XML schemas for the exchange of maintenance information such as condition 
based monitoring, asset based registry, and maintenance work & parts management 
[29]. The architecture diagram of MIMOSA OSA-EAI is shown in Fig. 19: 
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Figure 19: MIMOSA OSA-EAI architecture diagram [6] 
 
As it has been described, the MIMOSA OSA-EAI defines the CCOM whose aim is to 
provide the description of objects in the standard, their properties, and their 
relationships to other objects [50]. Above the CCOM, MIMOSA provides the CRIS, 
which defines the types and naming conventions for the entities in the CCOM [13]. The 
reference data compiled by MIMOSA is on top of the CRIS, contained in a reference 
data library that enables communication and integration between MIMOSA compliant 
systems. Therefore, OSA-EAI provides open data exchange standards in asset 
management (work management, diagnostic and prognostic assessment, reliability 
information, fluid data, gas data, etc). 
 
3.2.2 MIMOSA OSA-CBM 
Open System Architecture for Condition-Based Maintenance (OSA-CBM) is a 
MIMOSA’s standard, based on ISO 13374 (general guidelines on the architecture of 
condition monitoring systems [56]), aimed to provide the architecture to move 
information in a Condition-Based Maintenance system and to provide the tools for 
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implementing the architecture. It is comprised of six blocks: data acquisition, data 
manipulation, state detection, health assessment, prognostic assessment, and advisory 
generation [26], [28]. The first three involve devices aimed to collect and process data 
to detect abnormalities. The rest combine devices and human agents to define the 
equipment’s health status, to predict future faults and to support decision-making. The 
OSA-CBM is based upon sections of the OSA-EAI specification, leading to easier 
integration [28].  
 
In practice, the open system architecture for Condition-Based Maintenance organization 
(OSA-CBM) (Hall & Llinas, 1997; Thurston & Lebold, 2001) has divided a CBM 
system into seven different layers, with technical modules solution (Fig. 20) [8].  
 
 
Figure 20: Open System Architecture for Condition based Maintenance [8] 
 
With respect to maintenance decisions among the architecture, they are summarized as 
condition monitoring, health assessment, and prognostics, corresponding to the layer 3 
from 5 of Fig. 19 [8]. Condition monitoring consists of comparing on-line or off-line 
data with expected values; if necessary, it should be able to generate alerts [21]. Health 
assessment is aimed to determine whether the health of the monitored component has 
degraded or not, and conducts fault diagnostics. The primary task of prognostics is to 
compute the future health and to estimate the Remaining Useful Life (RUL). 
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3.2.3 What MIMOSA covers in manufacturing 
MIMOSA organization attempts to provide a framework aimed to integrate operations 
and maintenance systems, via the harmonization of their standards and specifications. 
“This framework will allow system vendors and manufacturing companies to build one 
interface for each operations and maintenance system” [29]. The interface, called Open 
O&M, will allow exchanging O&M information between information systems, leading 
to lower integration costs and deployment time [29]. 
 
The inexistence of a standard for asset management leads the enterprises to buy several 
asset management systems offered by different vendors [1]. Therefore, the processes of 
integration become quite difficult to develop since many systems have their own unique 
exchange data interfaces. In order to correctly control all the information related with 
manufacturing and production, several techniques of integration have to be applied, 
bringing about advantages and disadvantages.  
 
The development of MIMOSA OSA-EAI is a consequence of the absence of a standard 
for asset management data exchange. It provides open data exchange standards in a 
wide variety of asset management areas: work management; diagnostic and prognostic 
assessment; vibration and sound data; oil, fluid and gas data; thermographical data; and 
reliability information [8], [12]. All these areas are defined by the CRIS, which defines 
asset management entities, attributes, associated types and relationships between entities 
[26], [28]. 
 
All the relational information concerning asset management (measurements, 
readings…) has to be performed with the aid of a relational database. As a consequence, 
apart from the numerous advantages in storing information in a database, it enables 
interoperability among information systems. If all the systems follow the same database 
architecture (CRIS) they can access information within the same database. Namely, a 
potential central data repository can be created easily thanks to the fact that 
programming interfaces are opened. This fact leads to a reduction of redundant data and 
synergizes O&M data management process within the organization [8], [28]. 
 
Condition monitoring systems’ data interoperability is another reason why it is 
advisable to use OSA-EAI. With some modifications, MIMOSA OSA-EAI is suitable 
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for condition monitoring database and predictive maintenance. The most important 
objective in manufacturing and production is to fully utilize the information of all the 
information systems, so as to reach operation excellence. To do so, it is indispensible to 
integrate different control and information systems.  
 
MIMOSA allows to anticipate and to prevent unexpected equipment failures provided 
that it performs maintenance by focusing on actual equipment condition information 
and operating parameters.  This strategy leads to both a reduction of maintenance costs 
and equipment failure rates. Consequently, operational decision-making will be 
enhanced provided that the equipment availability forecasts will be more reliable [29]. 
 
CBM has the ability to perform maintenance based upon asset information. 
Additionally, using CBM’s information along with other operating environment inputs 
in order to optimize operating decisions is known as CBO (Condition-Based 
Operations). CBO enables more economically and efficient production and 
manufacturing [29]. 
 
3.3 Predictive maintenance  
In order to face the predictive maintenance analysis, first of all, a survey in predictive 
maintenance techniques is going to be performed. Afterwards, future challenges in this 
science are going to be stressed, identifying three research directions: integration in 
predictive maintenance, Information and Communication Technologies (ICT) in 
predictive maintenance and prognosis and diagnosis models. From now on, in this 
project, predictive maintenance will refer to Condition-Based Maintenance.  
 
3.3.1 Survey in predictive maintenance
As it has been previously said, CBM is a maintenance program whose aim is to 
recommend maintenance actions based on information collected through condition 
monitoring. It mainly comprises three steps (Fig. 21): 
1) Data acquisition: it consists of obtaining relevant data to asset’s health; 
2) Data processing: it consists of analyzing data collected in step 1; 
3) Maintenance decision-making: it consists of recommending efficient 
maintenance policies, based on data acquired and processed in steps 1 and 2. 
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Figure 21: CBM’s steps [13] 
 
Before talking about CBM, it is indispensible to know what diagnostics and prognostics 
are. The first concept refers to fault detection, isolation (to locate the component of the 
asset that is damaged) and identification (to determine the kind of fault). The second 
concept, prognostics, deals with predicting faults before they either occur or may occur; 
in other words, to estimate how soon and how likely a fault will occur in a specific 
component of an asset [13]. The main difference between these two concepts is that 
diagnostics are posterior the event or failure occurs, whereas prognostics are prior to 
failure occurring. Needless to say, prognostics are more efficient to achieve zero 
downtime costs, however, when prognostics fail, diagnostics are required [13], [21]. In 
addition, prognostics cannot replace diagnostics since there are some faults that are 
impossible to predict. Due to the importance of both diagnostics and prognostics, a huge 
number of studies, papers and analysis have been developed in that direction. In this 
section, recent developments in data acquisition, data processing and maintenance 
decision-making will be studied.  
 
3.3.1.1 Data acquisition 
Data acquisition is a sine qua non step for implementing a CBM program. The process 
consists of collecting relevant data from physical assets. Data collected in a CBM 
program can be divided into two main types: 
• Event data: they inform about what happened (breakdowns, overhauls) and what 
was done to the targeted physical asset (reparation…); 
• Condition monitoring data:  they are the measurements dealing with the health 
condition of the physical asset (vibration data, acoustic data, oil analysis data, 
temperature, pressure, humidity, weather or environment data, etc) [13]. 
 
Condition monitoring is suitable for engineering asset management since it is able to 
identify potential failure symptoms and suggest actions before any operational 
interruptions occur. Conditions of assets can be investigated through various tests and 
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then decision has to be made whether the asset should be repaired or replaced or decide 
whether further in-depth test is needed [38]. 
 
A wide variety of sensors have been designed to collect all these different sorts of data. 
In addition, wireless technologies have been considered as an alternative solution to 
reduce data cost communication. Also, Computerized Maintenance Management 
Systems (CMMSs), ERPs have been developed in order to store data [1]. Thanks to  the 
rapid development of computer and sensor technologies, data acquisition facilities and 
technologies have become more powerful and less expensive, making data acquisition 
for CBM implementation easier to afford. 
 
In CBM practice, a lot of people tend to give more importance to condition monitoring 
data and neglect event data, since they consider they are not as valuable as long as the 
condition indicators [46]. This belief is completely wrong due to the fact that event data 
are helpful in assessing the performance of current condition indicators and can be used 
both as feedback to the system designer for consideration of system redesign and to 
improve condition indicators [41]. 
 
3.3.1.2 Data processing 
All the data, especially event data entered manually, contain mistakes. Thus, the first 
step in data processing is cleaning data so that it can be used for efficient analysis and 
modelling. With respect to condition monitoring data, errors may be caused by the 
sensor itself, whereupon sensor fault isolation is the best solution [13]. In general, there 
are several ways to clean data, which often requires graphical tools, manual 
examination, among many others. 
 
Once data are cleaned, the next step is data analysis. A large array of tools, 
mathematical methodologies and algorithms are available to perform deep analyses that 
are always dependent on the kind of data previously collected. Condition monitoring 
data can be divided into three main groups [13]: 
• Value type: data collected at a specific time for a condition monitoring variable 
are a single value (temperature, pressure …); 
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• Waveform type: data collected at a specific time for a condition monitoring 
variable are a time series (for instance vibration data); 
• Multidimensional type: Data collected at a specific time for a condition 
monitoring variable are multidimensional (for instance infrared thermographs, x-
ray images …). 
 
Several signal processing techniques have been developed to analyze and interpret 
waveform and multidimensional data, so as to extract useful information for diagnostic 
and prognostic purposes (also known as feature extraction). Within waveform analysis, 
Time-domain analysis, Frequency-domain analysis, (the most widely used is Fourier 
transform), and Time-Frequency analysis can be found. Regarding Multidimensional 
analysis, there is basically image processing. Nevertheless, it is a really complex 
analysis compared to waveform analysis. Finally, several techniques have been 
developed for value type data analysis, (such as multivariate analysis techniques) and 
data analysis combining event data and condition monitoring data. 
 
3.3.1.3 Maintenance decision-making 
Maintenance decision-support is the last step of CBM. Diagnostics and prognostics are 
the two main techniques used to perform efficient maintenance policies and decision-
making. Within diagnostics, several statistical approaches have been developed, as well 
as artificial intelligence approaches, (i.e. Artificial Neutral Network (ANN), a 
computational model that imitates the human brain structure ), and model-based 
approaches [8], [13].  
 
With respect to prognostics, the number of studies and researches are smaller. There is 
the RUL, which corresponds to the time left before observing a failure occurring, given 
the current machine age and condition, and the past operation profile [8]. Furthermore, 
maintenance decision-making has prognostics that incorporate maintenance policies. It 
consists of optimizing the maintenance policies according to certain criteria, such as 
risk, cost, reliability and availability [21]. Finally, several techniques to determine the 
condition monitoring interval have been developed, since continuous monitoring is too 
expensive with respect to a well-defined periodical monitoring [46].         
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3.3.2 Future challenges in predictive maintenance 
Three main directions have been identified in this section: integration in predictive 
maintenance; Information and Communication Technologies (ICT) in predictive 
maintenance; prognosis and diagnosis models. 
 
3.3.2.1 Integration in predictive maintenance: common database and data fusion 
In the discrete manufacturing industry, the importance of performance monitoring and 
efficient technical measurements has increased. So as to be able to have a clear idea of 
the impact of maintenance in manufacturing and production, it is necessary to obtain 
data from various IT systems from different working areas. Nevertheless, information 
coming from different IT systems often leads to data heterogeneity problems; that is the 
reason why several studies and researches are being developed in the direction of 
having a common database [1], [3]. Current ERP is a possible integrated solution, yet it 
suffers from centralized and rigid information structure standardization, which means 
that it does not take into account specific working areas, leading to integration problems 
[1]. Thanks to a common database, it is possible to have a holistic view of the 
manufacturing processes by data integration, and therefore obtain a better base for 
maintenance decision making. There is a lot of information flowing through 
maintenance, coming from different IT sources, as shown in the Fig. 22: 
 
 
Figure 22: Information flow between maintenance and other corporate processes [3] 
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MIMOSA is developing standards suitable for the modelling of interfaces between IT 
applications for the realization of a common database as well as for designating it. 
 
Data fusion is commonly defined as the process of combining data and knowledge 
coming from different sources, in order to maximize the useful content of the 
information [11]. General data fusion can be divided into three types: signal-level (or 
data-level), feature-level, and decision-level (Fig. 23): 
• Signal-level fusion: it consists of combining all sensors raw data from an object 
in order to extract a feature. It is a recommended technique since the mixture of 
information at this level gives good results;  
• Feature-level fusion: features are extracted from each sensor according to the 
type of raw data. All features are combined to form a single feature vector, 
which is immediately used in a special classification model for decision making; 
• Decision-level fusion: the processes of feature extraction are employed for 
single-source data obtained from every single sensor. Then the generated 
decision vectors are combined using decision-level fusion techniques [3], [11].  
 
 
Figure 23: (a) signal-level fusion (b) feature-level fusion (c) decision-level fusion [11] 
 
Furthermore, several studies concerning data-fusion strategy are being considered for 
novel mechanisms for machine condition monitoring and prognostics [8]. The 
aforementioned strategy is commonly constructed under the architecture of OSA-CBM. 
The relevant techniques involved are fusion condition monitoring, automatic alarm 
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setting, nonlinear prediction models, prognostics fusion and assessment. What is more, 
an effective fusion of multiple indicators may potentially provide an improved approach 
to degradation monitoring [11]. Therefore, multisensor techniques need to be 
developed. Figure 24 shows the OSA-CBM architecture, and illustrates clearly the role 
played by the data-fusion, model-based prognostics and other issues under research: 
 
 
Figure 24: OSA-CBM architecture [16] 
 
Thanks to the rapid progress of sensors and signal processing technologies, data fusion 
techniques containing signal-level fusion, feature-level fusion, and decision-level fusion 
are being taken into consideration. It will lead to accurate Condition-Based 
Maintenance. However, the applications of data fusion technology in machinery 
condition monitoring and prognostics need more study and attention, since there are 
very few relevant cases and applications.     
 
3.3.2.2 Information and Communication Technologies in predictive maintenance: e-
maintenance 
Predictive maintenance or CBM is often facing several difficulties in completing its 
own full circle [21]. This system has to work with a huge amount of gathered data from 
assets that are dispersed over a large geographical area, commonly known as the plant 
[31]. Integration of data so as to provide useful information is becoming a high 
challenging goal. Specially, data acquisition from additional sources needs to be 
integrated with the rest for a more meaningful interpretation, leading to more efficient 
decision-making [11]. Nowadays, the application of Information and Communication 
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Technologies (ICT), (concretely Web and agent-based technologies), for data 
acquisition, data transfer and integration in condition monitoring and maintenance of 
mechanical systems, is becoming more and more important [50]. They are being 
developed and used in order to integrate distributed systems, processes and 
heterogeneous data for asset management.   
 
As a consequence of the development of the Communication and Information 
Technologies a new concept of maintenance is emerging: e-maintenance. It integrates 
telemaintenance principles with Web-services and modern e-collaboration principles 
[16]. It enables collaboration in order to share information and knowledge. By means of 
a collaborative environment, pertinent knowledge and intelligence can be used in order 
to reach the best maintenance decisions. Engineers and scientists do not consider e-
maintenance as a unique concept. It can arguably be a plan, a maintenance strategy, 
maintenance plan and maintenance type. Nowadays it is defined as: “integration of the 
Information and Communication Technologies (ICT) within the maintenance strategy 
and/or plan to face with new needs emerging from innovate ways for supporting 
production (e-manufacturing), business (e-business) expected by the Manufacturing 
Renaissance” [16]. 
 
 
Figure 25: Enterprise’s view of e-maintenance [16] 
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The industrial deployment of e-maintenance is supported today by different standards, 
and standardization proposals developed by MIMOSA and open system architecture for 
CBM, among many others, for the open exchange of equipment asset information 
between condition assessment, process control, and maintenance information systems 
[4]. Finally, it has been reported that Web-based technologies are the most suitable 
technologies for the purpose of integrating maintenance systems and data [51]. It is 
advisable to consider accepted ontologies in the modelling phase of a system, like OSA-
CBM, MIMOSA CRIS and MIMOSA OSA-EAI, in order to enable an easier 
integration of heterogeneous data, maintenance systems and manufacturing processes 
[6].   
 
3.3.2.3 Prognosis and diagnosis models 
Condition monitoring and machinery fault diagnosis play a vital role in CBM, and are 
indispensable for the implementation of efficient predictive maintenance strategies. 
They are commonly based upon empirical modelling, which aims at associating 
measured data to machine conditions. There has always been a key difficulty in 
condition monitoring, which is how to correctly associate sensorial readings from 
monitored machinery to specific machinery conditions [21]. The problem has multiple 
solutions, and several studies have been developed, since this association can vary 
considerably between different installations, even for monitoring tasks of similar nature. 
It would be ideal to come up with a solution generic enough to be applicable to a large 
array of applications, and flexible enough to be customizable to specific characteristics 
of the installations [7]. 
 
Condition monitoring technologies enable to detect existing problems, to diagnose and 
to correct before breakdowns. However, the real challenging goal today is how to use 
asset health information for predicting remaining asset lifetime, optimizing maintenance 
and organizational efficiency [1], [7]. Therefore enhanced application of CBM is 
achieved through prognosis.  
 
Most of the existing models can be divided into physics-based models and data-driven 
models. The first ones generally require less failure histories than data-driven models 
and can be very accurate due to the fact that the fault physics remain consistent across 
systems. Nevertheless, in many situations the fault type is unique from component to 
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component and is difficult to identify without interrupting operation. Several aspects of 
these models are being investigated. First of all, reliability information and condition 
monitoring data need to be integrated in order to enable longer-range prognosis [9].  
 
“Condition monitoring data are corroborative data that reflect the state of individual 
operating units” [13]. They do not replace reliability data that reflect population 
characteristics. Secondly, condition monitoring data are commonly taken to indicate the 
health of a monitored unit. Measured condition indices do not deterministically 
represent the actual health of the monitored asset [9]. Equipment may fail when its 
condition index is still below the predefined failure threshold. Contrary to what it has 
been said, a system may perform its function correctly when its condition index falls 
outside the tolerance range [9], [13]. These facts lead to missed alarms and false alarms 
in practical applications of prognostic systems. The challenge consists of deducing the 
nonlinear relationship between an asset’s actual survival status and the measured 
condition monitoring indices [8], [9]. 
 
It has to be taken into consideration that reliable automated identification of machinery 
condition is not straightforward due to machinery malfunction’s appearing with 
different signal patterns, depending on the kind of problem encountered [9]. As it has 
been said, recent advances in condition monitoring technologies have given rise to a 
number of prognostic models that attempt to forecast machinery health based on 
condition data [9]. Several diagnostic systems for industrial machinery use empirical 
models to interpret and predict these patterns, such as statistical, polynomial, experts 
systems and evolutionary computation, among many others. Nevertheless, the models 
are tailored to specific tasks and cannot be customized to other applications [13]. It is a 
fact that different monitoring tasks present a wide variety of challenges to the 
maintenance engineer. Consequently, several studies are being developed in the 
direction of creating a flexible software solution for condition monitoring, novelty 
identification and machinery diagnostics, which can easily be customized to a wide 
range of monitoring scenarios [7]. 
 
All in all, the technology of CBM has made progresses in recent years; nevertheless, 
many fundamental issues, especially in diagnostics and prognostics, need to be 
improved [7], [9], [13], [21], [58]: 
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• Indicators for accurate condition monitoring and prognostics need to be 
developed; 
• Efficient and fast signal processing algorithms need to be developed; 
• New alarm setting techniques need to be developed for other degradation 
indicators; 
• Currently methods are generally focused on solving the failure prediction 
problems; tools for system performance assessment and degradation prediction 
have not been well focused and need improvement; 
• Fast and precise prognostic approaches need to be developed; 
• Enhancement of CMMS systems to collect accurate information, especially 
event information; 
• Development of advanced sensor techniques for robust on-line data acquisition; 
• Development of methods or tools for extraction, processing and interpretation of 
knowledge type information; 
• Development of efficient and fast on-line signal processing algorithms; 
• Development of robust fault detection and fault diagnostics approaches for 
complex systems; 
• And development of CBM models incorporating more categories of 
maintenance actions. 
 
3.4 Common features between MIMOSA and predictive maintenance 
As the title of this section states, common features between MIMOSA and predictive 
maintenance are going to be identified. First of all, MIMOSA is going to be treated in 
general terms as an information model for predictive maintenance. Afterwards, 
contributions made by MIMOSA OSA-EAI and MIMOSA OSA-CBM to predictive 
maintenance are going to be highlighted. 
 
 3.4.1 MIMOSA: an information model for predictive maintenance 
Manufacturing processes are moving from proprietary systems to open systems – a 
system whose components are able to communicate and exchange data automatically 
without any proprietary, system or supplier special interface protocols [1], [5]. 
MIMOSA is considered to be a rallying point for Equipment Lifetime Management 
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systems. Within maintenance, MIMOSA’s mission is the following: “formulate 
business and technical solutions that will improve the acquisition, analysis, 
communication, display and use of information. Information that defines status, predicts 
lifetime and provides operating and maintenance recommendations for process, 
production and manufacturing equipment, mutual benefit conventions and driving 
progress toward open exchange of vital information are needed in order to gain 
greatest value for the largest group of potential beneficiaries” [28]. 
 
MIMOSA is basically working on two objectives. First of all, it publishes consensus 
conventions that promote the unification of the equipment condition, maintenance and 
performance information. Secondly, MIMOSA is constructing an information model 
that will gain maximum value from maintenance technology, by combining multiple 
useful condition information from multiple sources for collective evaluation [26]. In 
other words, MIMOSA’s efforts are focused on achieving a fully open, interoperable 
information structure. 
 
MIMOSA is the best way to measure and manage optimized availability, reliability and 
lifecycle cost of process and manufacturing equipment with the aid of electronic 
exchange of vital information [57]. MIMOSA’s information model constitutes a vital 
point, since it defines boundaries for specialized systems in such a way that they can 
perform designated tasks optimally. The aforementioned model (Fig. 26) comprises five 
major sources of equipment information: Condition Measurements, Enterprise 
Equipment, Object Manager, Decision Support, Maintenance Management and 
Distributed Control. 
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Figure 26: MIMOSA information model [26] 
 
Enterprise Equipment Object Manager  
It is the link between all integrated systems. Enterprise Equipment Object Manager 
provides a unique site identifier; captures the functional hierarchy of a specific facility; 
maps the current utilization of assets to their location in the process; defines assets 
throughout a corporation with a unique identification to allow tracking specific 
equipment that might be reinstalled in a different location, (or even site, following 
repairs); and makes an assignment of measurement locations within an enterprise to 
assure continuity of historical trend information as equipment and monitoring systems 
are altered or replaced [26], [28]. 
 
Condition Measurements 
This source includes vibration, operating and process measurements such as 
temperature, pressure and flow, lubricating oil condition, static and thermograghic 
images. The MIMOSA Common Relational Information Schema (CRIS) enables the 
exchange of these variables between compliant systems [28], [57]. 
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Decision Support 
The Decision Support is aimed to turn data into information. This source is relevant in 
MIMOSA information model since the earliest warning of an abnormal change requires 
sophisticated analysis of complex dynamic characteristics [26], [57]. It is a vital tool to 
perform efficient decision-making. MIMOSA participants consider that current state of 
the art makes human judgment still indispensable in the process between condition 
measurements and a work order [26]. 
 
Maintenance Management 
This major source is aimed to store information that is useful for users in both Condition 
Measurement and Decision Support functions [26], [57]. Recording periodic predictive 
measurements is becoming a scheduled and prime activity of the Maintenance 
Management System [28]. 
 
Control Systems 
In this information model, data and information are available to the Control Systems. 
CRIS compliance has the benefit of being able to address every condition assessment 
system through a published protocol [29]. There is no need to program interfaces for 
every component within the integrated whole system. Control System suppliers can 
decide to display measurements or state of health data or information. This leads to 
maximum flexibility in order to meet a large range of control system user requirements 
(customization) [26]. 
 
All in all, why is MIMOSA’s information model vital for predictive maintenance? As it 
has been said, in a manufacturing plant, horizontal and vertical O&M information 
exchange has become a vital need to succeed. O&M information comes from multiple 
sources, and its integration is not an easy task [28]. The integration can result in a real 
nightmare, as shown in Fig. 27: 
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Figure 27: Interfaces Required for O&M Integration without Standards [26] 
 
MIMOSA intends to create a framework in order to enable the integration of operations 
and maintenance systems by harmonizing their standards and specifications [57]. The 
aforementioned framework will permit the system to build one interface for each 
operations and maintenance system. This interface is called OpenO&M, and will enable 
the exchange of O&M information with any other information system, with lower 
integration costs [29]. The integrated solution is much simpler, as shown in Fig. 28:  
 
 
 
Figure 28: Open O&M framework, leading to a reduction of the number of interfaces 
[26] 
 
MIMOSA OSA-EAI defines XML schemas to exchange maintenance information 
critical for implementing CBM, maintenance work and parts management [29], [51]. 
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Finally, Fig. 29 shows the O&M information exchange within a complex plant and 
MIMOSA data exchange: 
  
Figure 29: Open O&M information exchange within an enterprise and the vital role 
played by MIMOSA [26] 
 
3.4.2 MIMOSA’s standards and predictive maintenance 
Asset information standards in the maintenance phase are aimed to standardize the way 
information - reliability data for maintaining the assets- is stored and exchanged [1]. 
MIMOSA is currently developing an Open System Architecture for Enterprise 
Application Integration (OSA-EAI), whose functions are registry management, 
reliability information, work management, diagnostics/prognostics, condition 
monitoring, tests and physical tracking (vibration and sound data, oil, fluid and gas data, 
thermographical data). Part of OSA-EAI is ISO 13374 (standard for machinery 
diagnostics systems)/OSACBM, whose aim is to specify a standard architecture and 
framework for implementing Condition-Based Maintenance (CBM) systems and to 
simplify the integration of commercially available condition monitoring systems [13]. 
As it has been said, OSA-CBM divides a CBM system into different modules and 
standardizes them as well as data transferring and communication between them. OSA-
EAI and OSA-CBM are considered to be progressive technologies that support the 
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process integration effort. In this part, common features between MIMOSA OSA-EAI, 
OSA-CBM and predictive maintenance are going to be analyzed in order to see what 
MIMOSA’s contributions are in the direction of this particular lifecycle stage. 
 
3.4.2.1 OSA-EAI and predictive maintenance 
MIMOSA’s prime objectives are to encourage the exchange of information among 
plants on machine maintenance and to develop open information standards on machine 
maintenance information systems [29]. The adoption of MIMOSA specifications 
facilitates the integration of asset management information and enables to choose from a 
broader selection of software applications. MIMOSA is useful for describing the 
integration of maintenance and other functions in the enterprise and for sharing 
corporate data.  
 
Since decades, EAI has been the only concept of connecting distributed monolithic 
applications, providing rich interfaces for integration, but without taking into account 
existing data structures and applications considering optimization and better 
performance. Nowadays, the process of integration may turn out troublesome since 
multiple vendors offer a wide variety of asset management systems that have their own 
unique data exchange interfaces. There exist several possibilities for integration that 
have their own advantages and disadvantages: 
• To purchase from a single vendor. It leads to an easy integration; however it is 
proven to be quite risky because suppliers may not provide a complete asset 
management solution. 
• To purchase a custom bridge to integrate all the systems than internally building 
one. This technique is cost-effective, yet provides less customization and 
requires more updates. 
• To use a standard specification bridge. On one hand, it leads to a reduction of 
integration costs, but on the other hand, to a loss in performance with respect to 
a customized solution. 
 
The inexistence of a standard for asset management data brought about the development 
of OSA-EAI. MIMOSA OSA-EAI provides a set of information standards for the 
exchange of O&M data in multiple key asset management and maintenance areas (asset 
register management; work management; diagnostic and prognostic assessment; 
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vibration and sound data; oil, fluid and gas data; thermographical data; and reliability 
information) [8], [28], and thereby enables users to assemble a tailored system based on 
subsystems or modules from different vendors. Therefore, the user is able to select the 
optimal combination for each unique case, which provides the flexibility needed for 
interoperability. The interfaces between these seven asset management and maintenance 
areas are defined as XML schema due to its transparency and wide adoption by the 
Internet community.  
 
Furthermore, MIMOSA has developed CRIS, which is a relational database model for 
different sorts of data that need to be processed in CBM application, allowing 
information from different systems to be integrated. The open interfaces are an open 
data exchange convention focused on data sharing in today’s CBM systems and have 
been developed regarding the CRIS, as well as MIMOSA OSA-EAI. All in all, 
MIMOSA OSA-EAI cares for optimization by providing semantic descriptions for 
public interfaces that will improve interoperability [28]. 
 
3.4.2.2 OSA-CBM and predictive maintenance  
OSA-CBM can be defined as communications framework for machinery monitoring 
and diagnostic systems. It uses an Open System Architecture in order to integrate all 
CBM processes. OSA-CBM is aimed to work with the CBM community in 
standardizing a messaging protocol [50]. The main benefits of this collective work are 
ease of upgrading for system components, more technology choices, more rapid 
technology development, and consequently – thanks to competition- reduced prices. 
OSA-CBM gets rid of the interface concern due to its providing an open interface. 
Furthermore, its layered structure enables more flexibility in capability [28].  
 
It can be stated that OSA-CBM makes the interoperability among CBM software 
modules easier. As it has been explained in section 3.2.2, this functional architecture has 
been described in terms of seven layers that interact to form a fully integrated system. It 
incorporates the use of persistent data, which are accessible from each layer, features 
such as trending, (machinery parameters such as equipment nominal operating 
information), and equipment/process connectivity information [50]. The first five layers 
are implemented in the OSA-CBM and each of them contains three interfaces: Data, 
Configuration, and Explanation. The Data interface describes data relating to a 
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particular event; “the Configuration interface contains configuration information about 
the module; and the Explanation interface involves information about the device and its 
setup” [50]. The OSA-CBM has adopted the CRIS as its heart infrastructure, and many 
of the OSA-CBM objects correspond to the OSA-EAI’s information elements [28]. 
OSA-CBM supports a variety of information models for persistent data, such as object-
oriented databases, blackboard structures and data dictionaries. 
 
Several engineers and scientists coincide when they state that MIMOSA OSA-EAI and 
OSA-CBM are the most applicable when creating a common database, regarding the 
integration domain [3]. With respect to data integration level, CRIS contains plenty of 
data needed for Condition-Based Maintenance purposes; the information is translated 
into CRIS tables and columns without redesigning the databases. CRIS spans all 
technologies with tables for site information, measurement data, alarms, sample test 
data, and blob data (binary large object fields) [50]. Special maintenance and reliability 
tables define fields for events, health and estimated asset life assessment, and 
recommendations. 
 
As it has been mentioned, MIMOSA OSA-EAI and OSA-CBM enable information 
exchange between different vendor systems in the form of a bridging plug-and-play 
architecture for asset management; hence its suitability for handling the integration on 
the IT systems level and for the realization of a common database as well as for its 
physical design, enhancing the maintenance of the physical assets [26]. With respect to 
OSA-CBM’s architecture, OSA-EAI’s architecture is used for static data storage, 
allowing data exchange between asset management systems [50]. Finally, the 
development of these systems has been possible due the standardization and the more-
and-more used Internet-based technologies. The OSA-CBM and OSA-EAI both 
implement XML-related solutions in order to provide communication support between 
asset management and maintenance systems [50], [51]. Web-services offer a service 
architecture that makes the communication between components easy. 
 
3.5 Conclusion  
The main players of chapter three are MIMOSA standards and predictive maintenance. 
The methodology followed in order to identify common features between them has been 
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the following. First of all, a survey in the different maintenance techniques has been 
performed, describing corrective maintenance, slightly introducing predictive 
maintenance and Reliability Centered Maintenance. Secondly, MIMOSA and its current 
standards related to asset management (MIMOSA OSA-EAI) and Condition-Based 
Maintenance (MIMOSA OSA-CBM) have been presented and described. Afterwards, 
predictive maintenance has been deeply analyzed, focusing the efforts on data 
acquisition, data processing and maintenance decision-making. Future challenges and 
research lines within this maintenance technique have been treated as well. Having 
acquired previous knowledge of the aforementioned standards and predictive 
maintenance, common features between those main players have been possible to 
identify. In summary, it can be generally stated MIMOSA standards’ efforts are 
concentrated on: 
• Standardization of the exchange of reliability data for maintaining the assets, 
• To provide a standard architecture for implementing Condition-Based 
Maintenance systems and simplify the integration between information systems, 
• To make the assembly of tailored systems, based upon subsystems or modules 
coming from a multiple vendor environment simpler, leading to more flexibility 
for interoperability. 
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4. Asset management and 
optimization novel approach  
As an outcome of chapters 2 and 3, a novel approach of asset management and 
optimization can be proposed, since all the necessary knowledge has been acquired. 
This novel approach will be based upon predictive maintenance, MIMOSA’s standards 
and all its implications in terms of technology. The two key questions of this section are 
the following:  
• How can predictive maintenance and MIMOSA’s standards enhance an asset 
management and optimization approach? 
• What are the benefits of such an approach? 
 
The structure of the current approach is general-to-specific. First of all, using the 
knowledge acquired in chapters 2 and 3, it is going to be highlighted what an efficient 
asset management and optimization methodology must include. Afterwards, the 
aforementioned approach, supported by the existing asset management methodologies, 
is going to be described. In the next section, the above-said approach will be improved 
by introducing predictive maintenance. Finally, MIMOSA’s standards will be included 
in order to enhance the predictive maintenance strategy.   
 
4.1 What must an asset management and optimization approach 
include? 
It is a vital need for new existing plants to create a maintenance programme that starts 
with business processes, supported by software and hardware, including CMMS, PdM, 
on-line monitoring, electronic operator rounds and ends with data in these tools. This 
program needs to be integrated as much as practical to ensure use by plant personnel 
and cost-effectiveness [42]. Today’s business environment requires a non-stop review 
of programmes, tools and processes to support all the business. For asset intensive 
manufacturing plants the importance of reliability and availability of manufacturing 
assets is indispensable for achieving business success combined with cost-effective and 
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efficient implementation of any programme, tools and technology [3]. The maintenance 
programme, which is comprised of many activities and elements, is a key factor to 
achieve operational excellence [47]. In addition, a well-structured asset management 
approach is paramount to long term success, and must establish interfaces, data flow, 
and activities needed to execute it. 
 
An asset management approach must guarantee improved system reliability, reduced 
cost of ownership, effective decision-making regarding asset maintenance and improved 
funding capabilities [45]. A predictive maintenance strategy must be capable to answer 
these questions: what do we have to do to preserve our assets?, when will an asset be 
replaced and how much will it cost?, what must be done to prevent unexpected failures? 
The lack of a well-structured and effective management plan results evident due to the 
following symptoms: equipment failures that result in lost production and expensive 
repairs; the equipment failures occur repeatedly; maintenance schedules are identical for 
similar equipment, regardless of application or economic impact; inexistence of either 
maintenance standards or best practices [49]. A good maintenance strategy can address 
the above-mentioned symptoms and can improve process operations and maintenance 
actions whilst simultaneously reducing costs. An effective maintenance strategy can in 
fact be as important to the business results as the quality program. These are the main 
reasons why predictive maintenance has been chosen to face and construct the present 
approach. 
 
An asset management approach needs accurate asset information capture and analysis, 
appropriate asset management plans, effective execution of maintenance activities and 
skilled and motivated maintenance staff. Maintaining the asset implies maintaining, 
repairing and replacing it. Asset related information is crucial to know assets condition 
and performance requirements. Asset data analysis is important to know how an asset 
fails. Therefore, maintenance plans must keep assets from failing unexpectedly and 
keep them performing effectively and efficiently. Normally, maintenance plans make 
some common mistakes:  
• No link between asset management outcome and maintenance practices; 
• Maintenance is likely to be highly reactive; 
• Ineffective planning; 
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• Inexistence or incomplete data analysis; 
• No disciplined asset priorities. 
 
“In some cases, where maintenance has been an afterthought, a necessary evil, or a 
non-core business function, the impact on profitability has been negative” [46]. A 
predictive maintenance program reduces the amount of reactive maintenance to a level 
that the other components of the maintenance strategy can be effective. Predictive 
maintenance tools are designed to monitor the health of equipment, not to perform 
autopsies on failed equipment [41]. The key maintenance plan elements are: recording 
of asset information; determination of criticality of assets; development of asset 
management plans (PdM); efficient use of IS. A CMMS supports asset management 
practices by cataloguing the inventory of assets, storing and retrieving asset data 
(including work history); providing necessary information for decision-making; 
tracking asset’s lifecycle costs and rehabilitation [1]. 
 
As it has been said in previous chapters, asset management can be defined as the whole 
life optimal management of the physical assets of an industry in order to maximize 
value. Schuman and Brent stated: “asset management is defined as a strategic, 
integrated set of comprehensive processes to gain greatest lifetime effectiveness, use 
and return from physical assets, whereby assets are defined as production and 
operating equipment and structures” [19]. It has evolved over the years, and 
organizations are moving from reactive (run-to-failure) models and adopting whole life 
planning, lifecycle costing and planned and proactive maintenance. Optimal 
management of assets supported by efficient logistics and correct decisions is essential, 
and might provide a significant competitive advantage [22].  
 
Nowadays, the ideal solutions for asset management are integrated solutions that 
support the complete lifecycle and provide a holistic view of all the manufacturing 
processes and a thorough lifecycle cost analysis. It has been recently reported that 90% 
of the total lifecycle cost of a flow management system is accumulated after the 
equipment is purchased and installed; therefore it is essential that the solution provides 
the customers with cost savings throughout the life of the system for asset management 
[41].  
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Nowadays, efficient asset management requires a life cycle view and optimal 
mixture/fusion of capital investments, operations, maintenance, resourcing, risks, 
performance and sustainability. In addition, an effective approach should be comprised 
of three parts:  business assessments, asset data management and asset optimization 
solutions.  
 
• Business assessments: they must be based upon reliable sources, such as 
industry reports, and benchmarks in order to document and compare business 
processes and operational performances. The prime objective is to define 
specific metrics and implement the required steps to achieve goals in asset 
management. 
• Asset data management (data acquisition, data cleansing, data analysis and 
data visualization): The plant must have developed or purchased a large array 
of tools and technologies to ensure all important data that is involved in a 
decision-making process at the equipment, asset, or plant level is acquired. 
What is being developed nowadays is employing wireless monitoring system 
or data cleansing software so as to get a complete view of all the data, the Key 
Performance Indicators (KPIs) and live operational parameters [52]. Efficient 
asset data management leads to reliable detection and anticipation of 
performance deviations via monitoring the production and product related 
processes, diagnosis of possible causes and predicting the time of occurrence 
of a specific failure.  
• Asset optimization (reliability, energy, inventory, maintenance, availability, 
safety, health and environmental): this part appears as a result of the pressures of 
increased productivity and profits and rising energy costs and increasing 
operational costs [13]. A suite of resources and tools aimed to retrieve the 
stresses and reduce the lifecycle costs of the assets must be included. 
Furthermore, energy consumption, personal, material, equipment and 
environmental issues must be taken into consideration as well. 
 
It must not be forgotten that asset management and optimization’s success depends on 
the resources of the industry and personal’s expertise, along with a technology 
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infrastructure solely developed in symbiosis with flow asset management equipment in 
order to develop and lead initiatives focus on improving asset performance [41]. The 
keys to success in managing efficiently manufacturing assets are:  
• Benchmarking of operation performance and compare operations with industry 
peers; 
• Collecting and examining data to identify asset opportunities for asset 
improvement;  
• Implementing information systems aimed to uncover asset management 
opportunities. 
 
 4.1.1 Business assessments 
Business assessments highlight business issues and identify the entire lifecycle cost 
savings opportunities [40], [41]. They lead to improve equipment reliability, energy 
consumption, inventory efficiency, maintenance practices and operations availability, 
among others. The prime objective is to reach operational excellence.  
 
First of all, it is necessary to analyze how a plant is operating on a business level 
compared to industry standards, and establish KPIs to measure actual and future 
performances. Afterwards, trend analysis using detailed data and physical assessments 
must be used so as to encourage continuous improvement in critical manufacturing 
areas. Business assessments must comprise industry benchmarking, business analysis, 
performance trends analysis and physical assessment.  
 
With respect to industry benchmarking, parameters such as maintenance cost structures, 
equipment reliability standards, training costs and downtime must be used to compare 
the data with established industry standards [41]. Business analysis need to be carried 
out by expert consultants in order to provide a review of operation’s workflows, 
maintenance strategies, monitoring practices, risk exposures and other processes, 
leading to an easy identification of improvement areas and impediments to efficiency 
[44]. Performance trend analysis, as the name indicates, offers a detailed analysis of 
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trends within the business and manufacturing process, performed by engineers; this step 
enables a deep understanding of historical records and data, identifying the most 
relevant trends and opportunities for efficiency. Lastly, physical assessments consist of 
the analysis of actual operations (work shop floor, control rooms, plant floor …), and 
allows to making documented strategies and action plans [44].    
 
 4.1.2 Asset data management 
Decision-making processes must be based upon relevant data, ensured thanks to tools, 
devices and technologies. Getting a holistic view of the process and a global view of all 
the important data, and live operational parameters should be an essential objective, and 
it can be reached by employing wireless monitoring systems. Asset data management 
must comprise data acquisition, data cleansing, data analysis and data visualization.  
 
With respect to data acquisition, it consists of accurately collecting and efficiently 
transmitting raw data; it can be done by Intelligent Process Solutions (Wireless), 
Condition Data Point monitoring, Advanced Vibration Measurement and Diagnostics 
(used to determine vibration and pressure pulsation of specific assets), and Special Field 
Performance Test Tools, commonly known as proprietary technologies [44]. In data 
cleansing, software must be developed in order to identify missing data and anomalies, 
and it must be applied to both historical and real-time data. Moreover, in data analysis, 
tools that incorporate algorithmic analysis of real-time data, and stochastic models, 
enable automated adjustments to equipments operations and help indentifying early 
indicators of equipment failure and diagnose issues [13], [21]. What is more, data 
visualization provides a unique view KPI of critical plant assets and plant workers can 
view a central repository of plant asset information aggregated from any source, 
obtaining a holistic view [52]. Problems and anomalies can then be easy diagnosed, and 
metrics and parameters can be easily monitored through understandable graphics. Data 
visualization depends on information aggregation systems. 
 
In order to provide the plant with efficient asset data management, a correct technology 
infrastructure for plants and equipment must be designed. It is necessary to develop a 
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platform Information Technology (IT) and sensor-based solutions to streamline and 
analyze useful assets’ data [44]. User interfaces, software algorithms and control 
methods must be designed so that foremen and other people can easily integrate various 
components of the platform into their daily operations. The IT must be comprised of a 
specific system or systems for data acquisition, specialized data management software, 
intelligent monitoring and control equipment, data cleansing software and a centralized 
data visualization portal. It must provide a centralized view of all the manufacturing 
processes, including installation and operation information, bill of material (BOM) data 
including drawings and historical data including parts usage, upgrades and maintenance 
records [44], [50], [53]. 
 
All in all, thanks to the IT infrastructure and the plant’s technical resources, workers and 
other authorized parties will be able to [44]:  
• View KPI through easy-to-understand visuals; 
• Monitor real-time equipment performance data (such as MTBF, which means 
Mean Time Between Failure); 
• Conduct predictive analysis; 
• Recommend corrective actions based upon facts and reliable data;  
• Review historical equipment information; 
• Receive information in form of alarms and events.  
 
 4.1.3 Asset optimization 
Asset optimization exists as a result of the incessant increase of the pressures of 
productivity and profits. It consists of improving assets reliability and performance, 
reducing energy consumption, making reliably maintaining process equipment, 
increasing plant availability and output and improving the environmental impact of the 
operations [20]. Needless to say, improving the reliability of manufacturing assets can 
become a daunting task, especially in huge industry plant, where the equipment has to 
work in arduous conditions. For instance, in oil refining, assets usually suffer from 
extremely high temperatures, pressures and unpredictable operating parameters can 
sometimes lead to equipment failure. 
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To carry out efficient asset optimization it is essential to develop a formal methodology 
for evaluating an operation and implementing programs that take into consideration the 
complete lifecycle of the assets [20]. Asset optimization is comprised of various parts: 
rotating equipment performance, optimization of energy, optimization of inventory, 
maintenance management, and safety, health and environment [48].  
 
Concerning rotating equipment performance, it is vital for a plant to extend the 
productive life of rotating equipment, to enhance performance, reliability and lower 
maintenance costs, through application of hydraulic and mechanic upgrades [48]. With 
respect to energy optimization, there are several assets, (like pumps), that consume a lot 
of energy, and it has been reported that energy costs are estimated at 2.5 more than 
maintenance expenses in rotating assets [49]. Furthermore, huge energy consumption is 
at odds with driving up operating costs. Therefore, energy improvement programs, - 
which are a consequence of the increasing pressures to decrease carbon dioxide 
emissions-, such as testing tools, expert hydraulic system designs and pump system 
analysis must be developed to face this issue [48]. 
 
Modern technology is ceaselessly changing, leading to changes in equipment design and 
materials. Inventory optimization programs are useful to deliver immediate short-term 
operating and long-term lifecycle savings [41]. These programs also ensure reliability of 
critical manufacturing assets and support maintenance needs. 
 
It is of extreme importance that a manufacturing plant is supported by a business-
focused maintenance strategy. This strategy should include Workflow and equipment 
criticality consulting, Predictive maintenance strategy development, equipment 
installation and commissioning, repair and overhaul services and preventive 
maintenance and condition monitoring services. In addition, in asset optimization, it is 
also paramount to develop programs solely focused on increasing critical asset uptime. 
They should include custom-designed algorithms aimed to predict failure modes and 
life expectancy. Therefore, an efficient IT infrastructure to visualize live conditions is 
indispensable [48].  
 
Finally, environmental protection must be at the top list of plant operation issues, 
especially when volatile compounds and dangerous substances are part of 
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manufacturing processes. Programs that monitor, control and reduce emissions from 
process equipment must be developed and integrated. Furthermore, safety programs for 
many aspects of system operation and equipment handling aimed to protect plant 
personnel and mitigate risks associated with undocumented or incomplete procedures 
should be designed and implemented [48]. 
 
4.2 Asset management and optimization approach enhanced with 
predictive maintenance 
PdM programs are designed and implemented through various approaches. Every PdM 
Program is forced to support business goals by a continuous improvement process. 
Predictive Maintenance Programs provide historical data for root cause analysis. 
Mainly, the process is executed as follows: “the Asset Management System diagnostic 
procedure begins when the system indicates a device alert; the technician can easily 
and quickly identify the instrument and compare its currents condition with specified 
operating parameters; if a discrepancy is found, action can be taken to correct the 
problem at the convenient time; if the cause of the problem cannot be immediately 
detected a search can be initiated” [48]. Furthermore, diagnostic information by field 
device can be integrated with a CMMS, in such a way that those applications are 
provided with useful information for decisions or issue work orders. That is to say, all 
data should be recorded in or interfaced to the CMMS.  
 
Fig. 30 shows clearly on what consists a PdM strategy decision-making, analyzed as a 
dark box: 
 
 
 
 
 
 
Figure 30: PdM’s decision making dark box 
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4.2.1 Data measurement and trending 
Predictive Maintenance Program’s prime objective is to assess machine condition and 
predict any impending failure, through data acquisition and the act trending the results 
[54]. Potential problems can be identified through monitoring, comparing its actual 
performance with design capacity. Thanks to an accurate monitoring of the efficiency of 
the equipment and the examination of the cost implications of equipment degradation, it 
is possible to get rid of the excessive costs associated with both inefficient maintenance 
and shutdowns. Performance monitoring is especially beneficial on assets that have a 
major impact on operation, production and profitability [47]. For remotely positioned or 
unmanned equipment, an internet connection enables the transmission of recorded data 
to any location [40]. Rigorous monitoring software eliminates instrument noise errors. 
The users in the plant are able to compare the effect of individual assets of the 
equipment with the efficiency of the complete process in terms of throughput, downtime 
and stability.  
 
The strategy must define the equipment vital to plant goals, and at the same time, 
identify non-critical equipment in order to determine where to focus maintenance 
resources. If the asset is critically important it should be monitored continuously 
through permanently installed measuring equipment, directly communicated to a remote 
computer. If the asset itself has less critical importance to the manufacturing processes it 
can be monitored periodically by personnel, using portable equipment. In both cases, 
data extracted must be processed by specialized software providing a complete picture 
of the health of the equipment. For instance, alarm reports with colours based on the 
severity of the condition is a good solution to let the specialists quickly evaluate the 
situation [54]. Analysis of samples of lubrication oils and hydraulic fluids are necessary 
to enable users to effectively determine the severity of mechanical wear and the root 
cause problems within the machinery. To perform the aforementioned analysis, a 
special module of the analytical software for mechanical equipment feature needs 
computation of oil contaminants part per million and size distribution, (which are the 
typical characteristics studied by oil analysts).    
 
Frequency of data collection depends on the way the equipment fails, its criticality and 
business parameters [49], [54]. Collecting data too often can be pricey bringing about a 
waste of time and resources, without obtaining any sort of useful information. 
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Collecting data at long-time intervals carries the risk of “missing” faults. Ideally, the 
frequency of data collection should be adjustable and be modified during the course of 
equipment lifetime [44], [54]. 
  
The following sections are brief descriptions of how to use the existing predictive 
maintenance technologies: 
• Vibration analysis- This technique is commonly used with rotating equipment 
so as to identify misalignments, out out-of balance conditions, as well as bearing 
defects. It is based upon periodic data acquisition and data recording. 
Afterwards, maintenance personnel have to compare these readings with respect 
to a baseline model. Damage parts of the asset are then scheduled for 
replacement before their fatal failure [54]; 
• Ultrasound- It is used for leak detection, particularly for steam and air leaks. 
Most leakage problems produce a range of sounds. In order to detect the location 
of the leak, the user measures and detects the sounds. “Common applications for 
ultrasound include leak detection for pneumatic and other gas systems, vacuum 
systems, gaskets and seals, and steam traps” [48], [54]; 
• Oil and wear-particle analysis- Oil analysis determines the condition of a 
lubricant. Wear-particle analysis determines the condition of equipment based 
on the concentration of wear particles in the lubricant [43], [54]; 
• Thermography- Thermography is aimed to identify electrical components that 
are hotter than normally [54]. These components are bound to suffer from wear 
or looseness. Thus, thermography allows technicians to perform maintenance on 
only the electrical components that really need it, without paying the same level 
of attention to all the components [43], [54]. 
 
In summary, accessing to extensive high fidelity data is a requirement for predictive 
maintenance.  
• Transfer-Data transfer from the equipment should be provided via standardized 
interfaces such as equipment data acquisition. To provide an effective predictive 
maintenance program, data must be obtained from all available sources (not just 
equipment) [1]. Obviously, the collection and storage of data must not impact 
tool performance in terms of quality or rate of production;  
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• Application- The predictive maintenance application must allow remote access 
(monitor from off-line locations) and portability [54]. Analysis techniques for 
both factory and equipment systems may include modelling parameter 
performance and predicting future behaviour in order to reduce performance 
variability [13]; 
• Storage - Equipment users should be able to define the amount of data to be 
stored [51]. The equipment must have enough data storage to make initial 
decisions on the tool data. The system should automatically transfer data that are 
collected to a database for more analysis along with external data sources [13]; 
 
4.2.2 Key Performance Indicators 
A bunch of asset monitors should be included and vary in complexity, differentiating 
from those that simply identify high, low or deviation limit conditions in the control 
systems, and from those that are provided with advanced process equipment condition 
monitoring applications. However, the true challenging goal is to use the most cost-
effective asset monitors and to monitor only the minimum number of parameters that 
will facilitate the mission of detecting failures [52], [54].  
 
The approach must have measurable and applicable metrics so as to assess its 
performance. Key Performance Indicators (KPI) or Key Success Indicators (KSI) help a 
plant to measure progress towards organization goals, and reflect the critical success 
factors [52]. The KPI must both stress organization goals and be quantifiable. 
Diagnostic and root cause failure analysis must be easily described and widely 
understood through KPI, leading to operational review. When trended over time, they 
show the overall health of work management process and how effectively the plants 
control work. “A warning often heard about KPIs is to select those with outcomes that 
can be controlled by the group or persons responsible for meeting them” [52]. That is 
because if one tries to produce results that cannot influence and control, it will result in 
frustration and running-in-circles. Several research works and studies have been 
developed in order to determine which KPI best describes an asset performance for 
maintenance decision-making and to evaluate the overall efficiency of the predictive 
maintenance strategy. 
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4.2.3 Improving work processes 
This component of a maintenance management strategy consists of documenting and 
tracking the maintenance work that is performed. This involves the use of a work order 
system to initiate, track, and record all maintenance and engineering activities, including 
predictive maintenance [54]. The inclusion of the predictive activities is essential to 
track the amount of resources being expended while performing PdM activities. If data 
is lost, true analysis can never be performed [13], [21]. 
 
An effective planning and scheduling are important to the predictive maintenance 
program for two reasons. The first is that maintenance technicians need to be scheduled 
for the PdM activities. The resource requirements for the PdM program need to be 
projected and tracked through the work order, planning and scheduling functions. The 
second is that the PdM program will identify work activities that need to be performed 
on equipment so that an unplanned failure cannot occur [46], [54]. 
 
Work processes are an important aspect of asset optimization. Substantial cost reduction 
even before introducing new technology can be achieved by examining current 
maintenance work processes and the way things are normally done [42].  Well-
organized maintenance work processes comprise four phases: 
• Initiation/prioritization/purging: diagnostic information must be used to 
evaluate potential projects and determine in what order they must be executed. 
Purging is useful to get sure if the new project adds value to the plant and 
whether it pays off [48];  
• Scheduling: capable personal and necessary material must be brought together 
at the right time and place. “Careful scheduling can eliminate wasted effort and 
cut 20 to 30 percent off the time required to complete a job” [48]; 
• Execution: the use of asset management software can accelerate the execution 
of daily maintenance tasks and save time; 
• Analysis: an analysis based upon accurate data collection, root cause analysis 
and standard reliability principles must be carried so as to determine if 
maintenance is a vital need or not. Afterwards, this information must be used for 
future decision-making. 
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This novel maintenance approach incorporates CMMS. Reliable information is directly 
received from plant assets and is scanned in real-time for alerts [48]. The on-line 
software is charged for delivering the data and serving as trigger to launch CMMS 
transactions [1], [48]. In most companies, there is sufficient work order data 
accumulated by the maintenance and engineering functions to require the 
computerization of the data flow [46]. This facilitates the collection, processing and 
analysis of the data, and it provides information support for the Maintenance 
Management Strategy. 
 
From a Predictive Maintenance perspective, the CMMS system is normally interfaced 
to the predictive software system. There is usually an interface that allows triggers or 
alarms in the predictive software to generate work orders to make repairs that are 
identified by the PdM inspections [47]. The work is tracked through the CMMS system 
allowing data to be posted in the equipment history, where analysis such as mean time 
to repair (MTTR), mean time between failure (MTBF) and total cost can be performed 
[40], [41], [48]. 
 
When predictive maintenance technologies are integrated, users can automate the 
maintenance process from point of alert to completion of the maintenance work order. 
Using Web-based IT platform can facilitate analysis and accelerate decision-making 
[50]. New technologies collect, consolidate and distribute asset information to the 
people, whenever they are located [44]. 
 
4.2.4 Maintenance decision-making 
The PdM decision on when to take equipment down for maintenance should be 
integrated with overall manufacturing operations decision making and not viewed as an 
equipment-only decision [51]. This is feasible by providing a holistic view of all the 
processes. The challenging goal is to have 100% confidence in the information from the 
tool about current and predicted performance, which will reduce the variability of 
equipment availability [54]. With the large amount of data requiring analysis, reliable 
data transfer is critical to enable intelligent failure prediction [13], [21].  Novel solutions 
are required to integrate equipment data and overall factory operations into valid data 
sets for PdM decision making. Failure models for each key component of the tool 
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should be standardized. Model-based-predictions must use historical and real-time data 
from the tool to generate an imminent failure warning [46]. While the component is 
running, the model should compare current performance to the result that is expected. 
 
Once data from all the predictive maintenance technologies have been acquired and 
correlated, a fault may be found.  If the machine is surely going to fail, it is necessary to 
shut it down immediately and replace the damaged part. The following tools enhance 
and enable to perform efficient decision-making concerning the maintenance of the 
assets. 
• Condition monitoring and health assessment- A baseline for equipment 
performance must be established so as to enable predictive maintenance 
solutions. Standard condition monitoring techniques are employed primarily in 
process monitoring [51]. Furthermore, “condition monitoring algorithms” that 
include equipment signals integrated with statistical process control must be 
developed in order to deliver health assessment metrics for the assets;  
• Health assessment and prognostics- Prognostics is one of the key challenges of 
predictive maintenance technologies. The mathematical algorithms aimed to 
detect impending failures are so complicated that they need AI learning 
solutions. “Due to the complexity and uniqueness of each tool family, prognostic 
algorithms may need to be developed with each equipment supplier” [51];  
• Data integration and automation architectures- PdM final decision must be 
based upon the integration of multiple data sources. This integration process 
constitutes a major challenge for manufacturing plants. The sheer volume of data 
can be overwhelming, particularly if integrated data sets are required [50]. This 
fact must drive innovative approaches to equipment data collection and 
treatment. It must not be forgotten that delivering a PdM solution flexible 
enough to works across each wafer size technology presents a major challenge, 
due to the wide variety of existing data sources, quality of data, and automation 
architectures [49], [51].  
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4.2.5 Program design  
In this section, a possible PdM program is presented, and is intended to be a result of the 
maintenance strategy development process: 
• List of plant equipment- This task consists of walking through the plant 
physically and checking each asset. Preferably, it should be executed by 
experienced and skilled employees [54]; 
• Assignment of criticality of the equipment– As the name indicates, this tasks 
consists basically on identifying critical equipment, taking into account the 
factors that have a huge influence in criticality of the equipment.  In a number of 
assets, the process will consume plenty of time and resources [46], [49], [54];    
• Inventory and Procurement - The inventory and procurement component must 
focus on providing the right parts at the right time for the asset repairs and 
maintenance. The goal is to have enough spare parts, without having too many 
spare parts. Even though it may seem obvious, an important function for the 
Inventory and Procurement component must be highlighted: having the right 
parts [49]. Not having the right parts has a terrible impact on the predictive 
maintenance programs, since the components will not perform as they are 
supposed to, and premature failure may occur; 
• Identification of suitable equipment for monitoring – This step consists of 
selecting the equipment suitable for monitoring [54].  This decision is based 
upon equipment criticality and failure mode; 
• Selection of cost-effective PdM technologies – This task consists of choosing 
among predictive maintenance technologies specialized in maintenance 
practices. If those technologies are utilized efficiently, they succeed in providing 
valuable information dealing with the condition of the monitored equipment, and 
some of them can monitor different sorts of failures, (within those, several kind 
of faults can be monitored by the same PdM technology).  “The true challenge 
is to select a cost-effective technology that is most suited for a particular type of 
equipment” [54]; 
• Data monitoring frequencies assignment – This task consists of assigning data 
monitoring frequencies so as to detect impending failures. If those failures are 
detected early enough it is possible to plan an efficient and cost-effective 
maintenance action. “Monitoring frequencies depend on technologies assigned 
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and on failure modes” [54]. It is advisable that monitoring frequency is 
adjustable, and all its changes must be based upon the condition of the 
equipment and its criticality, determined in the convenient task [45], [54]; 
• Documentation- This last task is commonly misunderstood and neglected due 
to being considered a waste of time and resources. Yet, thanks to documentation 
it is possible to make up for lost time. It consists of developing standard 
procedures and work instructions [51], [54]. It is a fact that PdM programs 
supported with accurate documentation may provide great results. In summary, 
all PdM require documentation and historical data availability so as to perform 
reliable statistical analysis and an effective program [46], [47], [54].  
 
4.2.6 Continuous Improvement Process 
A PdM program must ceaselessly change since business parameters are not stable. 
Hence the suitability for employing a continuous improvement process to accomplish 
the aforementioned changes. A continuous improvement process is used to periodically 
review and audit the PdM program. It is of vital importance that the audit is performed 
repeatedly, so that the improvement can be measured over time [54]. 
 
The following areas require constant revision:  
• Program management- It is of vital concern to have a management 
commitment and a clear organizational structure [46], [54];   
• Predictive maintenance technologies – Technologies must be periodically 
reviewed so as to check their effectiveness. It should be taken into account to 
considerate whether to incorporate a new technology available into the program 
to enhance the above-said program [46]. “A correct mix of technologies, 
correlated with results, is usually the most effective predictive maintenance 
solution” [54]; 
• Documentation – As it has been justified in section 4.2.5, every single step 
should be documented, in order to make sure that the results obtained are not 
“infected” with the influence of some people that may be interested in the 
success of the program, (since it might be their proposal, or might have personal 
interests). In addition, it is also important to document everything to make sure 
of the fact that the results are repeatable.  “All reports, failure analysis findings 
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and potential savings should be well documented, and documents should be 
saved for future reference” [44], [54]. 
 
4.2.7 Human factor 
Asset management improvement is more transformational than strategic, since the 
change involves people, practices, organizational structure, information systems and 
work design [46]. Moving from a reactive to a more predictive maintenance strategy 
does not come easy if this was the mode being operated in for a few years. People use to 
be averse to change. There is a huge resistance to change from one asset management 
methodology to another. Maintenance staff considers this change as additional work and 
are afraid of the unfamiliar field of equipment and systems. 
 
Studies have shown that over 50% of all equipment breakdowns occur due to the lack of 
the basics of maintenance [46]. The technology in operations and maintenance requires 
that the organization has employees that have the technical skills required, but also have 
the interpersonal skills to work together. The philosophy “We are glad the problem is 
not in our side...” uniquely drives inefficiencies and impediments to success, not only in 
maintenance but in every domain of a plant/enterprise that requires teamwork. The 
training is an enabler to allow the organization to begin to take more of a holistic view 
of itself, with everyone focusing on organizational improvement and not just 
departmental improvement [47]. Training helps the employees to connect their job 
functions to the goals of the company. 
 
All in all, Claassen (2005) made the following statement: “To change culture in an 
organization you have to re-program employees. Your leaders are the computer 
programmers and your computer analyst is your HR officer. Programming can only 
take place with good communication between the programmer and the computer 
(employees). The computer analyst must measure the effectiveness of the change” [46]. 
 
4.3 Asset management and optimization approach with predictive 
maintenance and MIMOSA’s standards 
A complete asset optimization involves using a single interface for O&M, engineering 
and management to optimize asset availability and utilization. Many software vendors 
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provide several asset management solutions but they lack vertical and horizontal 
integration, and require an equal number of software interfaces. Effective predictive 
maintenance can be achieved only if the integration issue is solved and considering 
holistic information. The integration of condition monitoring systems with CMMS is 
possible. The OSA-CBM framework can be implemented so as to monitor the condition 
of an asset for health assessment and predictive scheduling [50]. Afterwards, all data 
acquired can be stored in a MIMOSA-derived database, and communication between 
OSA-CBM systems and CMMS can be established through OSA-EAI. “This foundation 
is mainly a web services platform that turns asset condition data into cost savings” 
[50].  
 
ERP systems are the main information systems in most corporations, and CMMS are 
widely used to manage asset maintenance. In addition, condition monitoring has 
become indispensable to perform an efficient predictive maintenance [58]. The success 
of this technology lies on the integration methodology. Integration between ERP and 
CMMS systems has seen the exchange of financial information about assets and 
maintenance [1], [50], [28]. Yet, the connection between CMMS and condition 
monitoring systems needs more research effort [58]. OSA-CBM and MIMOSA are 
indispensible in that direction since the first provides a framework for distributed 
condition monitoring models, whilst the second develop a protocol for the exchange of 
O&M data. The presented system, which integrates a CMMS with PdM, will be used to 
complete the asset management and optimization approach.     
 
Seamless integration of condition monitoring and maintenance management areas is 
feasible through the use of open information standards for compatibility [50]. The 
system comprises a data acquisition module, a condition monitoring and data processing 
based upon OSA-CBM, a database to store raw and processed data, (based upon 
MIMOSA’s asset management information modelling), and a CMMS. So as to enable 
communication between distributed components, a web service platform with XML is 
used, since “OSA-CBM and OSA-EAI both implement XML-related solutions to provide 
communication support to asset management systems” [28], [50]. 
 
In Fig. 31, a predictive maintenance process chain, including CMMS and ERPS, is 
shown: 
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Figure 31: Predictive maintenance process chain [50] 
 
As it has been explained in previous sections, the first step consists of acquiring data 
about the condition of an asset. Sensors typically relay the condition data through filters 
and amplifiers and finally to a data acquisition device connected to a computer [44]. A 
data acquisition system can be seen as the link between the sensor data and the 
condition monitoring system. Secondly, the condition monitoring system analyses the 
data to determine the condition of the asset in order to determine deterioration with 
respect to the original state, by means of comparing it to an initial baseline [48]. Once 
determined, it is time to provide a judgement about its reliability so as to predict when 
an imminent failure will take place. This information should be combined with the 
company’s maintenance strategy to enable optimization of the maintenance plan [49]. 
Once a Condition-Based Maintenance plan is developed, work orders can be generated 
by the CMMS, in order to allocate resources to the maintenance work order, schedule 
operations, and organize documentation [50], [1]. Afterwards, the management of the 
maintenance work is conducted by the CMMS for management of inventory and 
budgets [50].  
 
In summary, the condition monitoring section is aimed to perform the data analysis and 
maintenance requirement prediction processes, and to cover the communication 
between sensors and CMMS.  
 
4.3.1 System design 
Fig.32 shows the components of the proposed system.  
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Figure 32: Predictive maintenance with MIMOSA’s standards [50] 
 
As it can be appreciated, the system comprises layers of OSA-CBM and a CMMS that 
identifies the maintenance requirements. Information passes from the sensors, through 
the data acquisition layer, and to any other relevant layers through the OSA-CBM XML 
schema [50]. The Maintenance Support layer’s function is to provide condition-based 
information to the CMMS through the OSA-EAI XML Schema, supported by a Web-
service platform. In addition, a database based upon the OSA-EAI CRIS, undertakes the 
mission of satisfying storage requirements of the OSA-CBM modules. All the modules 
have direct access to the information in the database [50]. 
 
4.3.2 Communications 
With respect to communications, three issues must be taken into consideration:  
1) Data acquired from the sensors and transferred to the OSA-CBM system, 
2) Communication between the OSA-CBM modules,  
3) The reporting information from the OSA-CBM system to the decision 
support module. 
 
The data that pass from the sensors can be received either offline or online [28]. Offline 
data can be received through a file or database. In the case of data that can only be 
interpreted through the manufacturer’s software tools, the process of data acquisition 
may not be completely automated [44], [50]. Online (or real-time) data acquisition 
needs additional devices in order to connect the sensors and the computer.  
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The OSA-CBM modules configuration determines the amount of internal 
communication between the system components. There can be up to six different 
communication instances, one for each layer for one OSA-CBM system, since it has 
been designed to allow flexible distributed environment [50]. The proposed system uses 
a Web-services platform, due to the integration with the OSA-EAI, which is largely 
based on XML. “For each layer, the OSA-CBM provides three XML schemas – one for 
each of the layer interfaces: Data, Configuration, and Explanation. Certain concepts 
defined in the OSA-CBM XML schemas relate to objects in the OSA-EAI CRIS, 
simplifying the process of saving information to the database” [50]. The MIMOSA 
OSA-EAI fits into the Web-services platform as all communications is performed by 
means of XML. A number of XML schemas support the different services in each of the 
seven areas that the OSA-EAI offers [50]. The top Maintenance Support layer uses the 
OSA-EAI specification to communicate with the CMMS, due to the fact that this layer 
is not officially defined by the OSA-CBM [50]. In addition, the configuration service of 
the OSA-CBM must be implemented, as configuration feedback may be provided by the 
CMMS to the OSA-CBM system [50]. 
 
4.3.3 Database 
The CCOM and CRIS models provide the basis for constructing the database that will 
be implemented in this approach [50]. The interest in using a database based upon the 
OSA-EAI object model lies in the compatibility with the data exchange mechanism 
[50]. The XML schema relies on the OSA-EAI object model. Consequently, type 
conversion and checking are easier, resulting in a reduction in development. However, 
when constructing the database, an accurate data modelling needs to be conducted in 
order to determine the relevant data items for the system, due to the fact that the design 
of the standard OSA-EAI delivers a generic approach in asset management data [28].  
 
Finally, the results of the data modelling process must be merged with the OSA-EAI 
data model to form the definitive database. “Different modules require access to the 
database, such that the database cannot be tied to an individual module” [50]. 
Therefore where to locate the database may not be simple because a huge amount of 
data needs to be transferred. This issue may require more research in order to come up 
with solutions. 
8
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In section 4.2 and 4.3 the main components of the asset management and optimization 
approach with predictive maintenance have been presented, however they have not been 
linked. Figs. 33 and 34 are an attempt to illustrate graphically the approach and clearly 
show the linkage between the above-mentioned components. Both figures are almost 
equal and contain the same information, but with the main difference that Fig. 34 
includes MIMOSA standards. 
 
Figure 33 
As a first step, the PdM program has to be designed, by making a list of the equipment, 
controlling the inventory and procurement, determining the criticality of the assets, 
assigning data monitoring frequencies according to the criticality and making the 
corresponding documentation. As inputs for this design, a benchmarking of the best 
PdM technologies has to be taken into consideration, as well as the strategic goals of the 
overall organization and the results of the continuous improvement process, which will 
be detailed later. Once the program has been designed, then it is established. Afterwards 
the KPI for asset requirements are set in order to create an asset baseline. This baseline 
needs to be checked continuously to make sure the strategy will give correct results. If it 
is incorrect, then it has to be corrected with the aid of the asset condition analysis, using 
health assessments obtained in posterior steps (explained later). If it is correct, then we 
can proceed to data acquisition 
 
The data need to be acquired from many sources in order to have a holistic view of all 
the process. Condition monitoring data acquisition is made via sensors and transducers, 
(which converts some stimuli to electrical signal for entry into the system). Condition 
monitoring data along with event data constitutes the data acquisition step. Afterwards, 
data is processed, (cleaned, normalized and analyzed). It can be stated that this is the 
“inflexion” point of the diagram and the most important process, since it is where data 
(input) is turned into useful information (output). At this moment, a judgement about 
the reliability of the asset so as to predict when an imminent failure will take place can 
be performed. If no fault is detected, then we must return again to the data acquisition 
step. If a fault is detected via diagnosis or prognostics, a health assessment can be 
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generated and used as an input for verifying if the baseline asset requirements are 
correct or not (in the diagram has been indicated with the aid of two arrows that 
prognostics are prior to fault occurring and diagnostics are posterior to fault occurring). 
Afterwards, work orders can be generated by the CMMS, in order to allocate resources 
to the maintenance work order, schedule operations, and organize documentation [50], 
[1]. Afterwards, the management of the maintenance work is conducted by the CMMS 
for management of inventory and budgets [50].  
 
At this moment, maintenance decision-making can be performed with the aid of human 
experience (human factor). Once the decision is made, it is time to repair, replace or 
overhaul and return to the data acquisition step. At this moment, it is time to perform 
the KPI measurements (failure rate, O&M efficiency ...) and compare the results with 
the targeted KPI, (targeted according to the strategic goals of the overall organization). 
As a result of this comparison, there might be an error, used as an input for the 
continuous improvement process. Once this process has been performed and 
documented, the corresponding output must be used as an input for the PdM program 
design, and re-start again the whole procedure. As it can be appreciated, the approach is 
iterative, and in each iteration there might be modifications, (preferably improvements), 
based upon the results obtained in the previous iteration.      
 
Figure 34 
In this figure, the diagram is simplified since MIMOSA standards and the Web-service 
platform presented in section 4.3 have been included. With the aid of a Web-service 
platform, the data treatment representation is simplified considerably. The approach 
uses a MIMOSA OSA-EAI-based database, and the linkages between OSA-CBM, 
OSA-EAI, the modules and the CMMS are illustrated (and explained in section 4.3). 
The process described in figure 33 can be used to describe figure 34. The alignment of 
the PdM program with the strategic goals of the overall organization and the utilization 
of the results of the continuous improvement process constitute the key parts of this 
approach. 
 
 
92 
 
4.5 Conclusion 
This chapter has shown how to use predictive maintenance tools and MIMOSA’s 
standards in order to enhance asset management and optimization. Predictive 
Maintenance is more and more widely accepted throughout the industry [44].  However, 
there are still a lot of misunderstandings about predictive maintenance and its role 
performing a cost-effective asset management process [48], [54]. The described 
approach allows for seamless integration of the technology into the business process 
and continuous alignment of the PdM Program with business goals.   
 
An asset management and optimization approach must comprise three main steps:  
• Business assessments lead to the identification of lifecycle cost savings, 
equipment reliability, energy consumption, inventory efficiency, maintenance 
practices and operations availability; 
• Asset data management enables to retrieve reliable information to enhance 
decision-making; it provides a holistic view of the process and a global view of 
all the important data; missing data and anomalies can be easily identified; data 
analysis is improved considerably as well as data visualization; it enables 
identification of assets’ failures and diagnostic and prognostic issues; 
• Asset optimization with predictive maintenance enables to improve asset 
optimization methodologies that take into account assets’ lifecycle, making them 
more flexible and adaptable to different situations; basically, it enhances assets 
reliability and performance, reduces energy consumption, makes reliably 
maintaining process equipment, increases plant availability and output and 
improves the environmental impact of the operations. 
 
The main objective of this asset management approach is to assess risk throughout the 
lifecycle of the asset, enhance understanding of vulnerabilities and risks, best practices, 
system and procedure updating [41]. This approach intends to be flexible enough to 
enable the review of the complete plan and to concentrate on a particular asset, leading 
to a process of continuous improvement. When plant operates well, as a consequence, 
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capacity increase whereas costs decrease. The main benefits of such an approach 
include:  
• Reduced overall maintenance costs; 
• Reduced amount of unplanned maintenance (less reactive maintenance); 
• Increase of the availability and productivity of the physical asset; 
• Holistic view of manufacturing processes; 
• Optimized asset performance; 
• Real-time access and support;  
• Fast and automated information retrieval;  
• Compatibility and integration among information systems and proprietary 
technologies coming from a multivendor environment; 
• Advances health assessment and predictive maintenance techniques; 
• Condition reporting enhancements for continuous improvement; 
• The integration of the PdM program with the CMMS provides the means to 
relate the condition of the asset to work orders and equipment history data, 
constituting a real-time knowledge-driven solution. 
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5. Conclusions and future work 
In this final chapter, the main conclusions of the present project are presented in detail, 
as well as an overall vision of the today’s conception about predictive maintenance. In 
addition, in section 5.2, it will be described how to apply the approach developed in 
chapter 4 so as to validate it in a case study. Therefore, a possible improvement of this 
project will be proposed in order to prove the benefits deduced theoretically, in a 
practical case. 
  
5.1 Conclusions 
“Modern maintenance philosophies such as Reliability Centered Maintenance, 
Reliability Based Maintenance and maintenance optimization all push the user towards 
predictive maintenance as a preferred strategy” [45]. Historically, predictive 
maintenance has been focused on rotating machinery. However, the modern 
manufacturing plants comprise other sorts of assets that are likely to fail. Because of the 
great results achieved in using predictive maintenance techniques, (such as vibration 
monitoring and oil analysis), this maintenance strategy is expanding to other assets. 
Today’s predictive maintenance programmes rely on advanced monitoring technologies 
that enable gathering consistent and accurate information on equipment condition and 
asset health. The dependency on human inputs to data acquisition, which has been one 
of the main barriers to the expansion of PdM due to its inaccuracy, is almost inexistent. 
 
“Asset optimization must be comprised of groups of blending technologies and services 
that unleash underutilized capabilities so that the production system begins to exceed 
operating results, and that high level of performance is maintained” [48]. Optimizing 
assets can lead to a 2 or 3 percent increase in plant revenues [49]. Due to the fact that in 
a manufacturing plant there are several critical assets, the optimization of plant of 
equipment can take on a large array of forms. Hence, an integrated approach is required 
for maximum return. An asset optimization approach with predictive maintenance must 
include intelligent management of instruments, machinery health management, 
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performance monitoring and real-time optimisation, and improve manufacturing 
processes based upon new and reliable information.  
 
Before the existence of open system architectures, technicians had to perform a series of 
time-consuming and haphazard procedures to extract useful information from devices 
(they had to go to the plant, locate each specific device, hook up a handled tool, etc 
[48]). Nevertheless, now, diagnostic information from a huge number of smart 
instrumentation can be accessed by Information Systems through communication 
protocols. Nowadays, condition monitoring data integrated with maintenance 
management systems can provide strategic advantage in asset management and save 
precious time. Despite there being a wide variety of solutions provided by asset 
management software vendors, the software system interfaces are seldom opened, 
making integration and customization a challenging goal. The proposed approach uses 
open standard architectures for condition monitoring systems and asset management 
data exchange [50]. Both the OSA-CBM and OSA-EAI standards support XML-based 
technologies leading to the “adoption of a Web-based communications platform” [50]. 
The condition monitoring modules can be configured to determine effectively the asset 
health and reliability [50]. 
 
The present work has been an attempt to theoretically prove the main benefits of 
predictive maintenance strategies and the added-value given by open system 
architectures. Chapters 2 and 3 have provided valuable survey knowledge to develop an 
asset management and optimization approach with predictive maintenance and 
MIMOSA’s standards in chapter 4. The prime conclusions extracted from the present 
project can be synthesized in four questions and four answers, respectively:   
• “What does an asset management and optimization approach need to succeed in 
discrete manufacturing industries?” It is indispensable that an asset management 
and optimization approach provides seamless integration of the technology into 
the business process and continuous alignment of the PdM program with 
business goals. Namely, it has to be aligned with the objectives of the overall 
organization, has to be focused on the asset’s lifecycle, must encourage 
continuous improvement and update and must provide a holistic view of all the 
manufacturing processes.   
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• “What is the value added by predictive maintenance in the asset management 
and optimization approach?” It reduces assets’ total cost of ownership and 
increase assets availability and reliability by enhancing decision making dealing 
with maintenance tasks and reducing reactive maintenance, by means of turning 
data into reliable and useful information, via advanced diagnosis and prognosis 
techniques. It is possible to provide so by measuring cost-effectively KPI 
indicative of machine and equipment condition, by trending them over time, 
correlating and using them to decide the type and timing of maintenance 
corrective actions, while taking into consideration the economical parameters of 
the business. 
• “What are the main contributions of MIMOSA and open system architectures in 
the asset management and optimization approach with predictive 
maintenance?” They provide a strategic advantage in asset management since 
seamless integration of condition monitoring, maintenance management areas, 
information systems and proprietary technologies coming from a multivendor 
environment, as well as holistic information, are guaranteed. They provide the 
basis to create a common database for required data storage, and propose a 
solution for condition monitoring systems and asset data exchange, which leads 
to the natural adoption of Web services communication platform, reducing 
maintenance costs and allowing the customization of the solution.    
• “All in all, what is the common prime objective of these technologies, 
methodologies and approaches?” Their prime objective is to guarantee overall 
process transparency, provided in a cost-effective manner, enabling efficient 
asset optimization in this particular lifecycle stage: the maintenance of the 
production machines. 
 
5.2 Future works: application in an industrial case study 
In order to prove and validate the benefits of such an approach in practice, an industrial 
case study must be performed. Although theory is important, the verification of the 
results with the aid of practical cases and case studies is indispensable. In this final 
section, it is going to be described how to implement an asset management approach 
with predictive maintenance and a possible method to analyze the results. The 
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application and the conclusions extracted from this industrial case might enhance the 
conclusions obtained in this project.  
 
The predictive maintenance technology is scalable, and can be applied on a few or 
several machines in a plant [44]. When implementing PdM, two facts must be 
considered. First, the equipment must incorporate in its design functions, IT 
architecture, and capabilities that provide predictive maintenance within the scope of the 
equipment hardware and software operation. Secondly, the equipment must generate 
and make data available on all of the equipment functions and operations as well as 
performance and health metrics.  
 
Equipment PdM data  
To meet the vision of PdM, equipment is supposed to generate, use, and make available 
a wide variety of data. The data must include all the sources of data that are available, as 
well as new data. The pant must make the effort of implementing a suitable IT platform 
and technologies to be sure data coming from multiple sources can be acquired, 
processed, cleansed and analyzed. 
 
KPI 
Choosing the most appropriate KPI to prove maintenance benefits in the industry plant 
is indispensable. Equipment data come from a variety of sources that produce data of 
different types. KPI should be generated at the lowest level. The communication of 
these data must use standardized via communication protocols and interfaces.  
 
Prioritizing Equipment Implementation  
“Equipment should be analyzed to determine the PdM capabilities and target 
subsystems or modules that will provide the greatest return and improvement to 
equipment predictability and productivity” [47]. It is strongly recommended to establish 
data-driven PdM implementation plan that includes demonstrating and quantifying 
results.  
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Factory Implementation  
“PdM implementation at the plant’s systems level is expected to take a larger, systemic 
view of equipment predictability and use. The factory systems should consider the 
effects of process sensitivities or other factors outside the equipment on performance, 
predictability, and productivity” [44]. The factory systems should use the PdM data and 
health metrics from the equipment as one set of inputs to PdM systems and analysis.  
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